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In the course of research by Battelle on the funda- 
(mentals of flow of mixtures of air and pulverized coal, for 
{Bituminous Coal Research, Inc., a meter has been de- 
veloped which measures the rate of flow of both constitu- 
gents. The meter depends on a unique property of the 
jmixture when passing through a sharp-edged rubber- 
@aced orifice to which coal does not adhere. It was found 
-hat the presence of finely divided coal in the air stream has 
Wery little effect on the accuracy with which the orifice 
indicates the flow of the air component, whereas a flow 
snozzle placed in series with the orifice measures the total 
‘of the air plus coal. Thus the simultaneous use of the two 
lements provides a means for determining the amount of 
oal flowing. This paper describes the development of the 
eter, presents data on its performance, and gives the de- 
wails of practical application. The rate of coal flow is 
measured with an accuracy of plus or minus 5 per cent for 
oal-air ratios ranging from 0.5 to 1.4, and for coal sizes 
Syanging from 75 to 92 per cent through 200 mesh, after 
Yhllowance has been made for the small effects of these 
syariables. The meter has been used successfully in the 
@aboratory in vertical and horizontal pipe lines from 
91/4 to 4 in. diam and it is believed to be applicable to larger 

ines. 


DEVELOPMENT OF THE METER 


N the initial stages of the search for a meter for flowing mix- 
tures of air and pulverized coal, several approaches were 
made. A swinging vane suspended in a horizontal pipe was 
ried. Such an instrument is reported (1)* to have been in use 

ince 1923 to measure ventilating air flow in a number of Wit- 

Wyatersrand gold mines in South Africa. It has been proposed 

2) that where flow in asingle line is to be measured, the air flow 

an be measured by such a device ahead of the point of introduc- 

on of the coal, and the deflection of an identical device follow- 
ag the addition of coal would, by comparison with the clean-air 
adication, give an indication of the amount of coal flow. 
However, in the brief investigation of a single vane in the coal- 
ir line, the effect of the coal was not distinct, and a thorough 
jeavestigation of the principle was not made in view of the ob- 

‘lious problem of maintaining a tight yet frictionless seal for a 
ihaft transmitting the vane motion to an indicating mechanism, 

ao , on the other hand, of developing a remote electrical indication 

Suif the motion. 

% The application of a Pitot tube was also tried, but, because of 
jne difficulties with plugging of the impact opening within a very 


1 1 Research Engineer, Battelle Memorial Institute, Columbus, Ohio. 
jun. ASME. 
4/|.2 Assistant Supervisor, Battelle Memorial Institute, Columbus, 
“thio. Mem. ASME.. 

“1\ ® Numbers in parentheses refer to the Bibliography at the end of 
che paper. : 
} Contributed by the Fuels Division and presented at the Semi- 
c:nnual Meeting, Chicago, IIl., June 16-19, of Taz AMERICAN SocIpTY 

F MrcHANICAL ENGINEERS. 

“d Norse: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those 
7e} the Society. 
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short time, it was abandoned as not practical. The conventional 
orifice was then tried, but it was found that even though coal 
was flowing in the air stream, the orifice differential was only 
slightly affected by the presence of the particles of solid. The 
discovery of this interesting property opened the way for further 
investigation and study. About this time, a photoelectric meter 
was being investigated which employed a nozzle to converge the 
stream of air and coal, across which a beam of light was directed, 
so that the coal in this stream could be measured by the light- 
extinction principle, while the air would be measured by the 
nozzle. However, it was discovered that the nozzle was affected 
by the presence of the coal in the line, and, further, it was found 
that if the density of the coal-air mixture was known, it was 
possible to calculate the total flow of coal and air in the line using 
conventional flowmeter formulas. This action of a nozzle or 
Venturi has been tacitly assumed in the technical and patent 
literature but, to the authors’ knowledge, has never been demon- 
strated from published data (8, 4). 

The authors have been unable to develop a completely satis- 
factory theory for the action of the meter, but possible explana- 
tions of the phenomena of flow of fine solids in suspension will 
now be described. 


THEORIES OF METER PRINCIPLE 


The simplest theory to explain the difference in action of the 
air-suspended solids when passing through an orifice or a nozzle 
is that the particles do not have time to accelerate in the abrupt. 
contraction of the orifice; hence their passage is not indicated by 
the orifice pressure differential which measures acceleration alone. 
On the other hand, the fact that a flow nozzle has been shown to 
measure the flow of the coal-air mixture indicates that the parti- 
cles do have time to accelerate in such a gradual constriction. 
As an indication of this effect, an attempt was made to calculate 
the distance traveled by a 200-mesh particle when decelerating 
in still air from an initial velocity of 30 fps. The empirical equa- 
tions of Drinker and Hatch (5) for spherical particles in turbulent 
and laminar flow were used. That coal particles are not spherical 
means that their resistance to relative motion with air would be 
greater, hence the deceleration distance would be less. Fig. 1 
shows the shape of coal particles pulverized in a jet mill and photo- 
graphed through an electron microscope for the investigations 
being made for the Locomotive Development Committee of 
Bituminous Coal Research, Inc. 

For laminar flow the equation is 


v = final particle velocity = 0 fps 
v) = initial particle velocity = 21.5 fps (based on 125 lb per 
hr air flow in a 2-in. pipe) 

k = constant (18.85 for laminar fiow) 

d = density of fluid (0.075 lb per cu ft for air) 

y = kinematic viscosity, sq ft per sec 
s 
m 


distance of travel, ft 
density of the particle, (85 lb per cu ft) 
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a = particle radius (3.1 X 10° ft avg size of particle through 
200-mesh screen), determined by Lea-Nurse permea- 
bility method (6) 
For turbulent flow, the equation is 
—kds 
4.19 a) 
Vv = U0 @ 
where in this case 


v = final particle velocity = assumed 0.0001 fps for purpose of 
calculations 

= initial velocity = 21.5 fps (as obtained for laminar flow) 

= constant (1.35 for turbulent flow) t 

density of fluid (0.075 lb per cu ft for air) 

= distance of travel, ft 

density of particle (85 lb per cu ft) 

radius of particle (3.1 X10~* ft avg size of particle through 
200-mesh screen), determined by Lea-Nurse permea- 
bility method (6) 


ll 
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The results of these calculations for deceleration were 0:364 
in. and 1.34 ft for laminar and turbulent flow, respectively. The 
values are so different that they are of value only to indicate that 
a measurable distance is probably required for a suspended par- 
ticle to accelerate in an accelerating gas stream. 

Another indication of the lag of suspended particles is given by 
the deduction of Stodola (7) and others that, in a nozzle passing 
wet steam, the particles of water which are formed at the throat 
lag behind the main stream because of their inertia. However, 
this well-known effect did not indicate the unique difference be- 


tween the acceleration in a sharp-edged orifice and in a flow 
nozzle. 


3 . x |= . 
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Further evidence of the lag of particles in an accelerating 
stream is given by Wood and Bailey (8) who conclude: 

‘“Recause of the appreciable time required for solid particles 
to accelerate from rest when dropped into a fluid current, the 
pressure gradient in a conveyer pipe is steepest at the inlet and 
diminishes until it reaches a steady value for both sand and grain. 
The distance to reach this value is approximately constant under 
all conditions.” 

A corollary of this last is that the distance required for a 
particle of a given material to accelerate to a given velocity is 
independent of the fluid velocity. 


However, none of these cases indicates that the acceleration of 


the particles through a sharp-edged orifice is negligible, or at 
least that it is too small to be accurately measurable. 

An additional effect of the lag of the particles in the accelerat- 
ing stream may be the distortion of the flow pattern through the 
orifice. Instead of solid surfaces to guide the flow, this pattern is 
normally established by the orifice face and sharp edge and is 
maintained by the dynamic effect of the convergent flow. In the 
flow of a dust suspension there is probably a concentration of 
particles near the face of the orifice and around the edge, and 
perhaps also a slight expansion and shift in position of the normal 
vena-contracta as a result of the differential velocities of coal and 
air. These effects have not been demonstrated and can only be 
surmised, Their combined result could be either to increase or 
decrease the indicated flow rate when computed by means of the 
conventional orifice coefficient. Later, under the discussion of 
the effect of coal-particle size on meter performance, the existence 
of both positive and negative orifice errors, depending upon size, 


will be shown to lend credence to the possibility of some such 


interaction as just described. 
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Meter Equation 


After it was observed that the orifice differential was not 


~ measuring solids in an air or gas stream was believed to be new, 
jand a patent application has been filed. Further algebraical 
manipulations showed that by using the calculations of both of 
j these elements, together with a minor simplifying assumption, 
4 it was possible to obtain a simple mathematical formula which 
senabled the direct calculation of the amount of coal flowing 
without knowing the density of the mixture flowing, as would 
4} be required if the nozzle alone were used. ‘The derivation of this 
i formula follows. 

The equation for gravimetric flow through a constriction is 


Wamu sat NaN ee ee [1] 


W = weight rate of flow of the fluid, Ib per hr 
p = fluid density, lb per cu ft 
C: = coefficient of discharge 
A = area of constriction, sq ft 
f = velocity of approach factor 
g = acceleration of gravity, fps 
Ah = differential head in feet of fluid 


If we now assume the mixture of coal and air flowing through 
he constriction to be a homogeneous fluid, and assume that C, 
the coefficient of discharge, remains constant for fluids of different 
densities, only the factor p in the equation will change as coal is 
added, however 


iw 
Nie = = 
129 - 
iwhere 
4 = pressure drop across constriction in inches of manometer 


fluid 
w = density of manometer fluid used in measuring pressure 
differential, lb per cu ft 


| The formula then becomes 


W = pCAf’ 


| 
I 
Q 
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Now for a coal-air mixture passing through the constriction 


where 
p = density of mixture, lb per cu ft 
Pq = density of air, lb per cu ft 
W, = weight rate of air flow, lb per hr 
W, = weight rate of coal.flow, lb per hr 


If it is assumed for the density of the mixture herein considered 
that the coal occupies no space, an assumption that makes less 
than 0.25 per cent error in the calculations, Equations [3] and [4] 
can be combined to give 


Wa oF We 
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which in turn equals 
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Squaring both sides, we have 


salle sed Qgiw\* (Wa + W.) 
2 = 
baa - (04s y=) VW a 


W.W, +.) = (..car 2") 


or 


12p, 


Thus the coal rate is 


ip CAf 
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ib 2oeeae 
p W, 


The expression in parentheses in Equation [7] is a fictitious 
“mixture flow,’ where 7 is the pressure drop for the nozzle passing 
air plus coal, but the density used in the expression is not that of 
the mixture, but of the air alone. It is computed from the meas- 
urements as though air alone were flowing. If this expression is 
replaced by W,,,, Equation [7] becomes 


WwW, = 


W, is obtained very nearly by using an orifice with the usual 
flow formula in the mixed flow line. Thus the weight rate of coal 
flow may be calculated by using the flow equation for both orifice 
and nozzle as though air alone were flowing, and substituting 
these two calculated rates in Equation [8]. 


PERFORMANCE OF LABORATORY METERS 


Laboratory work with this instrument has given satisfactory 
results in several installations. The discovery and development 
were in connection with the measurement of coal-feed rate in the 
pulverized-coal and air-circulating system for a radiant-tube 
furnace. This system was composed of a 21/5-in. horizontal line 
reducing to a 2-in. line after the first two burner take-off positions. 
The conveying air was measured by means of an orifice in the in- 
let pipe to the blower for the circulating system. ‘The coal was 
fed to the blower inlet from a bin on a scale by means of a screw 
feedér so that, by means of weight and time readings, the feed 
rate could be determined. After the coal passed the furnace and 
meter, it was returned to the feed bin by means of a cyclone col- 
lector, and the nearly clean air was exhausted to the atmosphere. 
The results of this first work with the meter were encouraging, 
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In order to investigate the performance of a larger meter, a 
vertical line of standard 4-in. pipe was installed in connection 
with the same feeding and collecting equipment, but with a 
larger blower. The higher air capacity was desired not simply 
because of the larger system, but also because it had been found 
desirable to maintain the Reynolds number for the two meter 
elements high enough so that the coefficients remained practically 
constant over the desired range of flow rates. At Reynolds 
numbers under 100,000, the coefficients may vary enough to re- 
quire determination of their value at each flow rate. 

The size of the orifice and nozzle used in the 4-in. line was 
determined from standard flowmeter practice. The largest ratio 
of orifice-to-pipe diameter for which coefficients are available (10) 
is 0.7, and this was selected for the initial tests. Later an orifice 
with a diameter ratio of 0.75 was made in order to decrease the 
pressure drop through the element. The coefficient for this 
larger-diameter orifice was determined by extrapolation from the 
curve given in “Flow Measurement” and checked with another 
orifice whose coefficient was known. The ratio of nozzle to pipe 
diameter was chosen as 0.5 in order to keep the Reynolds number 
as high as possible without too great a pressure drop across this 
element. Addition of a diffuser following the nozzle aided greatly 
in regaining most of the pressure loss across the nozzle. 

In all of the tests, except the last six of the 4-in. line series, the 
following procedure was used: A clean-air test was first run to 
check the operation of the orifice, nozzle, manometers, and gages. 
Then the coal feeder was started and gradually the coal-air ratio 
was increased in steps to the maximum permitted by the existing 
equipment and then decreased in steps to check the data taken 
when increasing the coal feed. Because the blower was handling 
the maximum amount of air possible before-the coal feeder was 
started, the amount of air entering the system gradually de- 
creased while the coal-feed rate was increased as the energy to 
convey the coal was taken from the air, which in turn received its 
energy from the fan. In the last six tests run on the 4-in. line, the 
air entering the system was kept constant and enly the feed rate 
was changed. The performance of the meter under these condi- 
tions was as in the previous tests. 

Effect of Pipe Size on Performance of Meter. Coal flowmeters 
have now been used in four different sizes of pipe, 3/s, 11/2, 2, and 
4-in. nominal pipe diameter. Within the range investigated, pipe 
size has no effect upon the performance of the meter. 

It is possible that the ratio of the diameters of the metering 
elements to the pipe diameters could have some effect upon meter 
performance. This has not been fully investigated. The range 
of ratios for the orifices used in tests was 0.6 to 0.75. It appears 
that the error of the orifice when passing coal, changes slightly as 
the ratio becomes smaller. This change was observed to be about 
one per cent over the ranges studied. 

No accurate study has been made on the effeet, of ratio of 
nozzle-to-pipe diameter on the flow indication of the nozzle. 

Location of Pressure Taps in Nozzle. In the development of 
the meter, various positions of throat taps were used with differ- 
ent lengths of parallel throat sections on the nozzle. This was 
done to determine the tap location which gave the best indication 
of the total mixture flowing. It was found that the tap position 
as specified in standard flowmeter practice gave satisfactory flow 
indications. It is not known definitely whether pipe-wall taps 
can be used instead of throat taps. Preliminary tests indicate 
that this is possible. 


Errect or Coat FINENESS AND Coat-AIr RATIO 


Owing to the assumption made that the meter operates on the 
principle of differential acceleration of the coal particles through 
the meter, it appeared likely that particle size would affect the 
coal-flow indication. Three groups of tests, with varying coal- 
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Fic. 3. Errect or Coat FINENESS ON UNCORRECTED CoaL FLow 


air ratios, were made with three different average coal finenesseg: 
of 75, 85, and 92 per cent through 200-mesh screen. The results: 
of these tests are shown in Fig. 3, indicating that for finenesses: 
above 85 per cent, the meter registers less than actual coal flow, 
and greater than actual for finenesses below 85 per cent. | 

Further study showed that the flow indications of both the 
orifice and the nozzle were affected by changes in coal fineness: 
and in coal-air ratio. 

Figs. 4 and 5 show, respectively, the effect of fineness and of, 
coal-air ratio on the flow indication of the orifice and the nozzle: 
The curves were obtained by calculating the errors of the orifies¢ 
alone for the data shown in Fig. 3, and plotting the results against 
fineness for three different mixture densities. These curves ca 
be used to correct conventional clean-air orifice and nozzle coefhi« 
cients to give a corrected calculated coal and air flow. Because 
of the presence of coal, the existence of both positive and negatives 
errors in the air-flow indication of the orifice seems to show that} 
there is a small but definite influence of the coal on the orifice= 
flow pattern. 

In operating the 4-in. circulating system over a period of time, 
it was noted that coal-size degradation was taking place probabl: 
by impact and attrition. As a result, the laboratory meter per 
formance was probably affected to a small extent by the change ? 
fineness. This would not be the case, however, in an installation! 
where the coal passes through the system only once and little 
or no coal is recirculated. 5 

Accuracy. In all of the testing of the meter, it was found to be 
very important that every precaution be taken to obtain correei 
readings on the gages used, particularly because the meter equa 
tion magnifies in the result any errors in the differential readings: 
This meant that every manometer line had to be checked for 
leaks and for plugging owing to coal accumulation. The tests o 
the instrument have given accurately the coal flow in an air-and. 
coal mixture within plus or minus 5 per cent over a range of coal} 
air ratios from 0.5 to 1.4 when correction factors, shown in Figs4 
4 and 5, are used. This is considered accurate enough for pur. 
poses of measurement and control. It is reasonable to expect} 
that the accuracy will improve as development and application are 
continued. 


but above a solid-air ratio of unity there is probably some point 
where the thick mixture disrupts flow in the orifice. 

Accumulation of Coal in Meter.* Soon after the test work begar 
on the meter in the 2-in, line, a change in material for the orifice 
plate was found to be necessary as the brass orifice plate whielt 
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4) was employed initially accumulated a hard crust of coal on the 
orifice edge, rounding the entrance to the orifice and thereby 
lincreasing its coefficient. Fig. 6 shows the accumulation. It was 
! believed that this build-up on the face of the orifice was the result 
of the coal particles impinging on the hard brass surface, sticking 
Sand accumulating as the flow of the mixture continued. The 
-@problem was solved by the use of an orifice made up of a sheet of 
rubber bonded to metal. The turning of the rubber-faced orifice 
was not possible with standard lathe tools, but was accomplished 
_Avery satisfactorily by the use of a coarse grinding wheel turning 
: at high speed. This orifice gave good results in measuring the 
‘Jair and, of most importance, coal did not accumulate on the face 
‘Hof the orifice. It is believed that the particles of coal which im- 
pinge on the rubber surface rebound and are carried through the 
Horifice by the oncoming stream. This usage was believed to be 
‘¥new and a patent application has been filed. No other difficulty 
‘Hwas experienced with coal settling or accumulating at the orifice 
br nozzle. 


APPLICATIONS TO HicgH-PRESSURE FUEL-SUPPLY LINES 


Besides the application of the meter to the 4-in. line, two op- 
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Fig. 6 AccumuLaTION oF Coat on Epc or Brass ORIFICE 


portunities were found in the laboratory for trying the meter in a 
practical way. The first was in connection with a high-pressure 
combustion unit where pressures up to 100 psi are encountered. 
Considerable difficulty was experienced in keeping the manometer 
lines free of coal, even though filters were placed in the lines. 
It was a major problem to make these lines absolutely airtight 
at the high pressures. If the tube connections are perfectly tight, 
no air can escape from them to allow coal to flow into the line. 
However, if there is the slightest leak in the line, the air under the 
high pressures escapes, leaving the coal behind to fill up the filters 
and plug the line completely. 

A solution in actual practice is to bleed a very small quantity 
of air directly into the manometer lines, so as to maintain flow 
toward the main coal-flow line in the manometer lines. The rate 
at which this air is allowed to flow in is made so small that the 
differential pressure is not affected, but high enough to eliminate 
the possibility of any coal getting into the manometer lines. The 
rate of flow of air bled into the two manometer lines on each ele- 
ment must be made nearly equal to avoid influencing the pressure- 
differential indication of the manometer. This is done by meter- 
ing the air visually through transparent water-filled ‘‘bubblers”’ 
commercially available. By means of valves in the bleed lines, 
the rate of bubbling of air through the water can be regulated. 
Where large pressure fluctuations occur, the meter should be 
equipped with blowout connections for periodic cleaning. The 
application of the meter to this high-pressure system is still in the 
development stage and has not been entirely satisfactory, owing 
to plugged manometer taps caused by fluctuations in the coal-air 
ratio which take place very rapidly because of feeding difficulties. 

The second installation was in a low-pressure, pulverized-coal 
and air line where the pressure did not exceed 15 psi. Manome- 
ter line leakage was experienced with this meter, but when 
this was eliminated it gave very satisfactory operation. This 
meter, shown in Fig. 7, indicates immediately any change in coal- 
air ratio produced by uneven coal feeding or air-pressure fluctua- 
tions. 

A quick indication of the coal flow is provided by a chart shown 
in Fig. 8 which can be placed adjacent to the two manometers. 
This was prepared by H. R. Hazard for use with the meter shown 
in Fig. 7 for a particular application where the coal-air ratio is 
always maintained at 1.00. The meter was so constructed that 
when clean air was flowing the differential pressure across the 
orifice was twice that across the nozzle. When an equal amount 
of coal and air was flowing, the differential pressures across both 
elements were the same. In operation of the low-pressure furnace 
where it was desirable to maintain a coal-air ratio of 1 to 1, it was 
necessary only to maintain the two differentials at the same level. 
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Fig. 7 Frowmeter INsTaLyeED In Low-PressuRE, CoaAL-AIR 
Suppiy LINE 


Any other desired coal-air ratio could be obtained by adjusting 
the amount of coal being fed to give an intermediate reading on 
the right scale between the 1 to 1 differential reading and the 
differential obtained when air alone was flowing. 

For example, in Fig. 8, when air alone is flowing at a rate of 
250 lb per hr, the orifice and nozzle differentials are 5.6 and 2.8 in. 
water, respectively. When coal is flowing in addition at the same 
rate, the nozzle differential rises from 2.8 to 5.6 in. Then, refer- 
ring to the final meter Equation [8], if air flow is held constant, 
coal flow is proportional to nozzle differential. Thus the interval 
on the right scale between zero coal flow and a coal-air ratio of 1 
can be subdivided uniformly into equal intervals representing 
equally spaced coal-air ratios between 0 and 1. For purposes of 
reading, these points are connected in Fig. 8 by dashed lines radi- 
ating from the point of constant air flow on the left scale, and 
each line is labeled with the coal flow corresponding to its inter- 
section with the uniformly subdivided coal scale. Therefore for 
a coal-air ratio of 0.6, the nozzle manometer would read 4.6 in. 
water and the coal rate would be 150 lb per hr. 

The nomogram shown in Fig. 9 provides a means for deter- 
mining quickly the amount of coal and air flowing when using the 
coal-air flowmeter in a high-pressure line. The three parallel 
scales shown on the right side of the nomogram furnish the flow 
rates of the air and the mixture, and when transferred to the scales 
on the left side, give the amount of coal flowing directly. For 
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example, if the orifice differential is 8 in. of water and the abso- 
lute pressure 70 psia, the indicated air flow is 86 lb per hr. Like- 
wise, if the nozzle differential is 15 in. of water and the absolute | 
pressure is 70 psia, the mixture flow indicated is 119 Ib per hr. | 
Referring to the left side of the nomogram, the indicated corres | 
sponding coal-flow rate is 80 lb per hr. From the example it is 
seen that a straightedge is all that is necessary to perform these 
calculations. 


INDUSTRIAL APPLICATIONS 


This instrument has a number of possible industrial applica~ , 
tions, one important use being the control of flow to pulverized- 
coal-burning equipment. Another field of application is the 
measurement of finely divided solids flowing in gas streams such - 
as those found in some of the catalytic cracking processes. An 
investigation into the use of this meter for automatic registration 
and control revealed that instrumentation for instantaneous 
indication would be possible but quite complex and therefore 
costly, whereas employing the meter for control purposes would 
be very simple and positive. The research field provides other 
applications for this instrument where it is necessary to know the 
amount of finely divided solids flowing in gas streams. 

Application to Solid-Liquid Suspensions. Although no actual 
test work has been done, it is possible that this instrument may be | 
applicable to the measurement of solids in liquids as it is in the 
measurement of solids in gas streams. If this is true, an entirely 
new approach to this problem would be available for research and 
practical application. Perhaps the great difference in density 
between the solid and gas used in the present meter is one of the 
factors which has made it work. This substantial difference in 
density would not exist if liquids and solids were used. 

Measurement of Gas-Liquid Mixtures. The measurement of 
air or gases entrained in liquids offers similar problems to those 
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with other mixtures. An ingenious instrument for doing this has 
: been devised by the Gulf Research and Development Company. 
“\It consists of a small motor-driven pump which samples a mixture 
of oil and air and forces the mixture through a small orifice where 
the air entrained is compressed to a small fraction of its former 
lvolume so that the differential pressure across the orifice ac- 
“{counts for only the oil and not the air. This fact makes it possible 
to obtain curve relations of orifice differential pressures, at known 
percentages of air entrainment against pump-inlet pressure. 
/The instrument was installed in military aircraft to give an in- 
dication of the actual air entrained in the oil (9). The use of one 
element insensitive to the presence of air is quite similar to the 
principle used in the coal flowmeter but the means to achieve 
this insensitivity are necessarily quite different. 

Orifice Alone as a Meter, Study of the meter principle indicated 
that with suitable remote location of the downstream tap for the 
Jorifice, the coal would have time to accelerate so that the orifice 
ight be used to indicate both coal and air flow. This was tried 
‘in the 4-in. line with considerable success, although the error with 
he orifice alone was consistently very large, and the spread of the 
jdata was greater than for the nozzle-orifice combination. It 
jappears that the rate of pressure regain following the orifice has 
jan important influence on the indication of the pressure tap 
situated some distance downstream. 

| Photoelectric Meter. When the possibility of using the orifice 
and the nozzle in series was discovered, the work on the photo- 
jalectric meter was dropped to concentrate effort on this new 
Jorinciple. The work on the photoelectric meter had progressed 
\to the point where satisfactory indication of the presence of the 
30a] in the air stream was obtained. Some difficulty was experi- 
inced in keeping the lenses free of coal dust. It is the authors’ 
dpinion that a meter of this type does show promise, and that 
{nore work should be done on developing it further, although cali- 
oration, in some instances, may ‘be difficult. 


Design CALCULATIONS 


A typical calculation for the installation of the meter in a 
situation would take the following form: 
Assume the following: 


Boiler capacity, 500,000 Ib steam per hr 
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(i) Wa or Wor, (8) 
Element Diff. H,0 Hg (Boro.+ Upst. Press.) ; 
H,0 or Hg 200 psia in, Hg 
700 
20 600 1004-200 
* 90 
15 80 
150 
fo) 
10 (e} 
9 
8 
= 504-100 
5 
35 + 70 
4 
60 
3 254-50 
2 20+. 40 
15+ 30 


W,= 2.64/18 


Won= 264/18 
10 


Fic. 9 Typrican NoMoGRAM For CoaL-FLow CALCULATION 


Fuel, approximately 25 tons per hr 

4 burners, 12,500 lb of coal per hr 

Coal-air ratio in primary line, 0.5 lb of coal per lb of air 
Primary air required, 25,000 Ib per hr, or 6.94 lb per sec 
Required pipe velocity, 100 fps 


Volume = 6.94/.075 = 92.6 cfs 


From this 
w/4 D? X 100 = 92.6 
JOR => ile 
De NOSit — sions 
where 


D = diameter of coal- and primary-air line 


For a minimum pressure drop, use orifice-to-pipe ratio of 0.70 
giving an orifice 9.1 in. diam. Selecting the largest nozzle-to- 
pipe ratio results in a nozzle diameter 10.5 in. The orifice-to-pipe 
diameter ratio of 0.70 and the nozzle-to-pipe diameter ratio of 
0.80 are the largest values for which coefficients are given in 
“Flow Measurement’ (10). 

Calculation of the Reynolds number for these conditions gives 
the following: 


4 
n, . 8¥ 
Dou 
where 
w = flow, 6.94 lb per sec 
Dy = diameter of orifice, 9.1 in. : 
uw = absolute viscosity, 12.75 X 10-6 lb per ft per sec for 
100 F4 
48 X 6.94 
Ry = 
ae 6 WEIL SC IVA NE NGC 
= 912.0 X 10 
and 
_ 48w 
— TD,,p 
where 


De flow, 6.94 lb per sec 
D,, = diameter of nozzle, 10.5 in. 


4 Reference (10), Fig. 14, p. 25. 
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u = absolute viscosity, 12.75 X 10-® lb per ft per sec for es (D2)? 
100 F* ect m “Dit 
48 X 6.94 Se, poe | 
en a X 10:5 X 12.75 X 10-* (D;)? 
= 792.0 X 10? 
where 
Both of these Reynolds numbers are sufficiently high as to Ap’ = over-all pressure loss through orifice or nozzle, psi 


give constant coefficients found in Fig. 31, page 44 (10), where 
on page 54, the flow coefficient for the orifice is found to be 0.70, 
and on page 44 the coefficient for the nozzle is obtained as 1.272. 
These coefficients include the velocity of approach factor and are 
referred to as K. 
The practical formula which is derived from the fundamental 
flow formula gives fluid flow on weight basis as follows 
W = 413.3 KD? IE ttl ee [9] 


where 
K = flow coefficient 
W = flow, lb per hr 
4 = differential across element, inches of water 
B = barometric pressure at point of test, plus the upstream 
pressure in the line before the element, in. Hg 
T = temperature of fluid flowing through element, F abs 


Substituting values 


iB 
Worifice = 413.38 X 0.70 X (9.1)? 2 


= 24,000 iB 
= 24, a 


LB 
Wnozsle = 413.3 X 1.272 X (10.5)? 2 


= 55.000 2 
= 58, a 


The differential pressures on the gages, when operating under 
design conditions are obtained as follows 
For the orifice. 


i X 29.90 
25,000 = 24,000 4) 
a e \ 560 


from which 
1 = 20.3 in. of water 
For the nozzle, it is necessary to use the formula for coal flow 
to obtain first W,,, 


* Wee 
12,500 = 25,000 — 25,000 
or 
; W*., = 938 X 108 
and 
Wan = 30,600 
Therefore 
1 X 29.90 
30,600 = 58,000 \ = 5 
and 


4 = 5.23 in. of water 


An approximation of the total pressure drop across the orifice 
is obtained by the use of the formula® 


5 Reference (10), p. 17, par. 56. 


Ap = indicated pressure drop across orifice or nozzle, psi 
flow coefficient with approach factor included 
throat diameter of orifice or nozzle, in. 

D, = internal pipe diameter, in. 


i) 
i 


this particular system, the formula takes the followin 


{1 —0.70(0.7)2] - 

[1 + 0.70(0.7)?] 

9.93 in. of water drop across orifice 

‘ ‘ {1 — 1.272(0.8)?] 
AO) 8 * Lao] 


0.533 in. of water drop across nozzle 


A(p’,) = 20.3 X 


The total drop across the meter, then, is the sum of these pres-- 
sure drops, or 10.46 in. of water. Thus the system would have to) 
be designed for the desired pressure at the burner to include the: 
drop through the meter, plus the customary pressure drops in the: 
line, mill, or other equipment. 

The largest drop is across the orifice, and this could be decreased | 
appreciably by the use of a slightly larger orifice diameter. For’ 
example, if the orifice just chosen were increased 1 in. in diam, , 
the difference in pressure drop would be as follows: 

Evaluating the Reynolds number ; 

48 xX 6.94 x 108 Pe | 

IESE SRL ee 

which is satisfactory. The differential pressure as obtained ‘} 
using this orifice would be obtained from the flow formula pre 4 
viously used, Equation [9]; K in this case must be extrapolated | 
from the graph of reference (10),7 and would be 0.735. The} 


flow formula then becomes, changing D from 9.1 to 10.1 in. 


'B 
Wo = 31,000 2 


The differential pressure in this case would be 4 | 


560 X 0.65 
29.90 


10.3 in. of water 


ll 


The pressure drop across the orifice would then be from the-| 
formula used previously 


[1 — 0.735(0.78)?] 
A(p’)o = 10.3 ———__—__—. 

(p’)o [1 + 0.735(0.78)2] ’ 
3.96 in. 


This would then make the pressure drop across the meter 4.55} 
in., a value far more acceptable than the 10.46 in. obtained withil 
the 9.1-in. orifice. 

The power requirements for carrying the coal and primary airf| 
for such a system would be approximately 60 hp on the basis of f 
an over-all pressure drop of 24 in. In all probability, the system 1p 


® In view of Fig. 366, p. 54, reference (10). 
™ Test Code on ‘Flow measurement,”’ reference (10), p. 54. 
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would be installed with a 75-hp motor. This would take care 
adequately of an additional meter drop of 4.5 in., providing the 
proper exhauster were chosen, since the power requirement in- 
creases approximately as the total head increases. For other 
situations where the system is already in operation, it may be 
necessary to install an exhauster of sufficient capacity to permit 
the use of the meter. 


CoNCLUSIONS 


It has been discovered that a sharp-edged orifice will indicate 
essentially the flow of only the air component of a flowing mixture 
of pulverized coal and air. It has also been shown that if the coal- 
) air ratio is known, a flow nozzle or Venturi may be used to meas- 
ure the rate of flow of the mixture. However, if the small volume 
| occupied by the finely divided coal is neglected, the knowledge of 
the air rate provided by the orifice can be used to eliminate the 
necessity for knowing the coal-air ratio at the nozzle. Thus the 
combination of the two elements composes a meter which can be 
used to measure the coal- and air-flow rates. The performance 
of the meter has been demonstrated in the laboratory for prac- 
| tical ranges of pipe size, coal-particle size, and coal-air ratio. 
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Appendix 


{NFLUENCE oF Errors IN INSTRUMENT READING ON FINAL 
Resutts Usine Coan 


_ The equation for the coal-flow rate as developed in the paper is 


at 
u 


weight rate of coal flow, Ib per hr 
flow through nozzle by air formula, lb per hr 
= weight rate of air flow, lb per hr 


3 
i ou 


To show the effect of errors in W,, and W, on W,, Equation 
{8] may be differentiated. To simplify the differentiation, 
Equation [8] may be written 


Wie a Wee 
ae 
Then 
log W, = log (W?,, — W?,) — log W, 
Differentiating 
AW, _AW%,,—AW%, AW, 
W.  Wen-— W?, Ww. 


At this point it is necessary to determine what factors of W,, and 
W,, are subject to appreciable error. 
From the equations 


ed aee 
Wet Al3 SKE Dae ae as [11] 


W, = 413.3 K,D*, 


and 


it can be seen that there are five possible variables. 

(a) The factors D and K may be determined with a high degree 
of accuracy for any given flow condition. 

(b) Possible errors in temperature and pressure measurements 
would have negligible effect in the range of temperatures and 
pressures used, considering that 7 and B are expressed in ab- © 
solute units, 

(c) The factor z is the only variable which changes appreciably 
during any test. Any error in its determination will affect the 
calculated flow rate. 

In view of considerations (a), (6), and (c), Equation [11] will 
be expanded to show the effect on W, of errors in measuring ig, 
and ig. 

Equations [11] and [12] may be written 


Ween Zan lance coe eee Lol 
and 
WSs GINA TES. SE eee {14] 
where F 
Ban 
Dopp WB i 3a ioral DE, T.. 
and 


B 
Z= 413.3 KD : 


Taking the logarithms and differentiating the squares of Equa- 
tions [13] and [14] gives 


log W?,, = log i,, + 2 log Z,, 


74 
AW’, _ Mier _ y 
We tan 
and 5 
log W2, = logi, + 2 log Z, 
4 . 
BW es ey 
Wea Ue 
Also 
log Whe Sa 1/9 log Ope af log Za 
AW, Ai 
Pee Teel pees ee LX 
W, (1/2) i, /s 


From Equation [8] 
Wee = WW. ae W.) 
Substituting in Equation [10] 


AW, Wa Wa 

W. -(F+i)¥ er ') : 
From Equation [15] it is evident that for any values of Y and 

X, the error in W, is directly proportional to the air/coal ratio, 
For example, assume the numerical values of Y and X to be 

equal. From Equation [15] the error will be maximum for this 

special case when the signs of Y and X are opposite. 


Let 


Y = +0.01 
and 
xX = —0.01 
then 
AW. W. W. 
and (pet ea (or 1 ees 
W, ig aps :) ( + 0.01) e Sis 1) (— 0.01) 
W. 
= 0.02 — + 0.015 
Teo ee 
Assume 


W, = 1000 lb per hr 
W, = 750 lb per hr 


‘Then for the foregoing conditions 


AW, 
Ww. 


1000 
= 0.02 es + 0.015 = 0.042 = 4.2 per cent 


Discussion 


The mathematical analysis given in this discussion is based 
upon condensed material supplied by John Blizard.® 
The authors believe that this contribution gives 
further evidence of the difference in fluid-flow per- 
formance of nozzles and orifices and throws further 
light on possible causes for the velocity difference 
which exists between the particles and the convey- 


50 


40 


30 


compare the relative behavior of the gas as it passes through 
each of these constrictions. 
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Study of these curves indicates tha) 


the velocity change for an orifice is somewhat different from 


that for a nozzle. 


It may be observed that, for the nozzle, acce 


eration is complete, or very nearly so, when the fluid leaves tha 
nozzle; whereas, in the orifice, acceleration continues for som } 
distance beyond or to the region known as the vena contracta. 

Blizard analyzes the acceleration of a particle in a gas stream] 
by letting 


y = velocity of the gas 


u = velocity of particle 


and assumes that, initially 


v 


and that, at any later time 


where 


v 


Soe e's 0 © © wyelp oles a s)0 | ole 


velocity of gas before constriction 
velocity of particle before constriction 
distance along center line of constriction 


const 


The sole force of any significant magnitude acting on the pa 


ticle is 


where 


m 


mass of particle 


From Stokes’s law 


du Z 
SV = Gh 
dt / p’ a? 2 ¥) 
where 
z = absolute viscosity 
p’ = density of sphere 
a = radius of sphere 
Therefore 
rie CO! (OW) 204. Se ee [17q 
where 
Ch =9/2)—— 
p’ a? 


la 


ing air stream passing through a nozzle. 
e Nusselt® has analyzed, by means of Pitot tubes, ; 


the behavior of a gas as it passes through a sharp- Se 


edged orifice and through a nozzle. Fig. 10 of this 
discussion is a plot of the results obtained by Nus- 
selt. The curves obtained are shown in relation 
to the positions of the orifice and of the nozzle to 


VELOCITY, METERS PER SECOND 


® Consulting Engineer, Foster Wheeler Corporation, 
New York, N. Y. Mem. A.S.M.E. 

®°“Die Strémung in Reaktionsstrahl,” by Wilhelm 
Nusselt, Zeitschrift fiir Flugtechnik und M otorluft- 
schiffahrt, vol. 6, 1915, pp. 179-184. 
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Nozzup 


Consequently 
du 
P = as f — 
m Zz mC’ (vy — u) 
Differentiating Equation [17] 
dv=O0+ edz 
or 


dv 
dz 


By a conventional transformation 


du du dv du 


His adden ee dy 5 SOOO [18] 
_ Now since 
| _ dx 
u= Fi eResaerielsaitiy seus eco) siesta sis’ ohare [19] 
and 
| du _ du dv 
dz dv dx 
we can write 
du — dx du dv 
“de di dv da 


and, by Equation [19] 


de du _ du dy 
‘dt de =dvdz 


from which, using Equation [18] 


du du 
di =U ‘de Oo 
from Equation [17] 
d 
“Oe = CU) 
dv 
and 
du C20 vb v 
dv 6} ( u ) (: ) 
when 
(64 
= 
C 
| Now, let 
u 
= Z=- 
v 
or 
a vw =U 
Differentiating ° 
Z vdZ + Zdv = du 
or 
du dZ 
| —=y—4+2Z 
| dv i dy ry 


| 
~Equating this with the previous result 


| 
dZ 1 
g) pz =>(2—1) 
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or 
Hy © b(1 — Z) — Z? 
dy ZdZ 
or 
—du ZaZ 


y= 2+ bZ DB 
Integrating by means of tables of integration 


—logu + K = 4 log (Z2 +6 Z—b) 


Fone 
Let 
beeen 
= b => — = 
P qe+" 2 
and let 
yn) 
ase Wa oa eae 
: 4. 2 
Thus 
b Ze Daal 
logu+ K = lo — - log (72 + bZ — b 
: p= Oe Sad | we 


However, since Z > 0 and b> 0 


Z?+bZ—b = |Z—p||Z— | 
Therefore 


ph Zt 
rs | ae Res a ba 
logy + K ae -) > : 5 log |Z — p| |Z —q| 


For initial conditions, v9 = wo, thus 
Zo = Uo/Vo = 1! 


Solving for constant of integration 

ef Peot l—p 1 
] K = = | —— } log | —— ]} — = log |1— np} |1—<4 
og % + ees 1 5 og |1—p| [1a] 


[1 — p| |1 — q| = 1, when values for p and qin terms of h are in- 
serted in Equation [20]. Therefore the constant* of integration 


1 
K =—-—log1=0 
A ane “ 


The difference between the velocity at any point and the initial 
velocity is then 


a Lee) en( Sosa? 
=—— log uv = =\ —— te) 
cs eae 2\p—a ONT 


b 1 lp 
ee nod es Mn | (IE ee 
t log |Z —p||Z — g| (1) og (42) 
or 


1 v i 1 ¥ i (= 
OSt= a= Sas 
Ey DD —= Gi z =| 90 ; 


1 
— 3 be |Z —p| |Z—ql........ * (21) 
Values were given to Z = u/v between 0.632 and 1.00 in Equa- 
tion [21], for various values of p and gq, corresponding to values 
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of b from 1 to 6, and the resulting values of log v/v were plotted 
against u/v, with b as a parameter, as shown in Fig. 11 of this dis- 
cussion. 
The curves shown in Fig. 11 indicate that the difference in 
velocity between a particle and its conveying medium depends 
upon the viscosity of the conveying medium, the density of the 
particle, and the size of the particle, which are contained in the 
parameter b. 
Using these relations, an attempt has been made to assign 
values to C and C’ to represent a practical case. Assuming @ 
nozzle diameter 0.7 of the pipe diameter, the velocity at the 
throat will be v/(0.7)2. Assuming also that the nozzle is con- 


0.70 


U7) 


Fig. 11 Comparison or AIR-STREAM AND PARTICLE VELOCITIES 
FOR VALUES OF PARAMETER D 


structed in such a way that the formula » = v) +c x holds for 
any point z in the nozzle, and letting 


vo = 3600 fpm = 60 fps. 
and 
L =2ft 
then 
3600 
vp = (0.7? = 7340 fpm = 122.5 fps 


Solving for Catz = L = 2,inv, = » + CaxgivesC = 31.25. 


Solving for 
C’ = 9/2 ( = ) 
p' a 


under the conditions where 


Z 12.7 X 10-6 lb sec per ft? for air at 70 F 
p’ = 85]b per cu ft 
a 29 microns = 6.55 X 107° ft. 


then 


ll 


C’ = 156.8 and b = 5.05 


Taking this value for 6 and calculating the velocity of the air 
at 3-in. intervals through the nozzle, and then referring to the 
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b = 5.05 curve in Fig. 11, the corresponding particle velocities) 
were obtained as in Table 1. 


TABLE 1 CALCULATION OF PARTICLE VELOCITIES 


u/v, 

from 

curve, Uy 
a, ft ven+Cr v/vo Fig. 11 fps 
0.25 60 + 7.75 = 67.75 1.31 0.93 68 
0.50 60 + 15 = NaS 1.26 0.89 67 
0.75 60 + 23.25 = 83.25 1.39 0.88 74 
1.00 60 + 31 = 91.0 1.52 0.87 79 
1.25 60 + 38.75 = 98.75 1.65 0.87 86 
1.50 60 + 46.5 = 106 1 ey its 0.86 91 
1.75 60 + 54.25 = 114.25 1.91 0.86 9& 
2.00 60 + 62 = 122.0 2.03 0.86 10é 


Fig. 12 is a plot of the tabulated results, giving the relations 
of the velocity of the particle and of the velocity of the conveying 
air with distance. The two velocity curves show that the ve 
locity of the particle is somewhat less than that of the air at all 
points within the nozzle. The assumptions made do not permit 


extrapolation beyond the throat of the nozzle. 


—— EFFECTIVE NOZZLE LENGTH, 2 FEET iene 


VELOCITY, FEET PER SECOND 


Kole) 1.25 
DISTANCE IN FEET 


Fic. 12 Comparison or Arr-STREAM AND ParticLp VELOcITI==S} 
THROUGH A NOZZLE 


This discussion supports previous findings of the difference 
velocity between the heavier coal particles and the conveying sii} 
as the mixture passes through a constriction. It does not ¢ 
tempt to prove the principle of the meter, namely, that the orf 
fice measures.only the air, whereas the nozzle measures boti}} 
the air and solid. However, the fact that there is a difference om 
the basis of Nusselt’s work in the velocity pattern through a3 
orifice as compared to a nozzle may be a contributing factor tf} 
the successful operation of the meter. 


J. M. Cunnirneuam.’”? The meter combination presented iif 
this paper is of considerable interest, and the application of t 
rubber-faced orifice is unique. While the method of employin: | 
two meter elements connected in a flow circuit for the purpose cf 
amplifying the indication at one of the elements has been usedi| 
both in flow measurement and position indication, on those ded 
vices the variation of the indication at one meter element redt 
sulted in an amplification of the indication at the other meted| 
element. In the subject meter combination, the indication cif 
an air-coal flowing mixture is obtained by comparison of thi 
pressure drop, across a long-radius nozzle with the pressure dro} 
across a sharp-edged plate orifice, using radius taps at both meted 
elements. 
The theory of operation advanced by the authors stresses | 


10 Gulf Research & Development Company, Pittsburgh, Pa. 


iis) difference of acceleration of the coal particles through the two 
meter elements, and a corollary is given that the distance re- 
quired for a particle of a given material to accelerate to a given 
velocity is independent of the fluid velocity. This is equivalent 
to stating that the particle motion is independent of the fluid 
| velocity. 

i Considering the theory of effects of difference in acceleration 
+| of the coal particles, the mass velocity of air and coal across any 
section along the flow path must be constant from the condition 
of continuity. In design, the velocity through the nozzle is less 
‘| than the velocity through the orifice, and both velocities are 
ij} greater than the pipe velocity; thus the acceleration of a coal 
particle from pipe to nozzle velocity will be less than the accelera- 
tion of a coal particle which must exist from pipe to orifice ve- 
locity. In other words, the greatest acceleration of the coal 
particle must occur at the orifice entrance unless the coal par- 
ticles can redistribute themselves in the flow pattern and travel 
jj), at some uniform velocity independent of the air velocity, which is 
highly improbable. - Following the nozzle outlet there will be a 
zone of deceleration of coal particles back from nozzle to pipe 
velocity. Then, if it is assumed that the coal particles do not 
| have sufficient time to accelerate in the orifice entrance in pro- 
portion to the mass velocity of the coal which must flow through 
the orifice from the condition of continuity, it appears that any 
difference in acceleration of the coal particle would produce at 
least a concentration and possibly an accumulation of coal par- 
ticles at the orifice entrance. It is doubtful that this latter effect 
) occurs. 

From consideration of acceleration effects it would appear 
;| that the orifice readings would give the indication of the coal 
content which effect is contrary to test results. Another theory 
for the difference in coal indication between the nozzle and orifice 
elements of the meter combination may be the friction and vis- 
cosity effects of the mixture flow. While friction and viscosity 
| effects are considered indirectly in the flow coefficients of the 
meter elements, the friction effects will be more pronounced in a 
nozzle where the fluid completely fills the boundaries, whereas 
the fluid in flow through an orifice makes contact only at the 
entrance. 

The coal fineness should have some influence on the friction 
| effects and be more pronounced in the flow in the nozzle for a 
| constant coal/air ratio. With increasing fineness, the effect in 
supposition will be similar to increasing the fluid viscosity, and 
| further, this effect would be greater as the coal/air ratio is in- 
") creased. The curves in Figs. 4 and 5 of the paper are in agree- 
ment with these conclusions. 

Considering a suspended coal particle as a free body, the laws 
of its motion are given by D’Alembert’s principle. One of the 
forces acting upon the particle is the frontal drag which is re- 
lated to the particle shape, the fluid density, and fluid velocity, 
4) which, in turn, would indicate that the motion of the particle is not 

independent of the fluid velocity. While the corollary of con- 
stant accelerating distance has been given previously in the 
literature, the effects may have been the result of distortion in 
“| the flow pattern. 

The fundamental equation given in the paper for gravimetric 
“"| flow through a nozzle or orifice applies to uncompressible fluids. 
‘ | For gases this hydraulic equation is modified to correct for com- 
") pressibility effects through multiplication of the flow coefficient 
"| by an expansion factor Y in the case of an orifice, or by the phi 
‘| coefficient ¢ in the case of a nozzle; also there is a correction for 
| deviation from the gas law through multiplication of the gas 
") density by the supercompressibility factor y. However, in par- 
} ticular instances where the differential pressure across the meter 
“| elements is a small per cent of the inlet pressure, the expansion 
| factor Y, and phi coefficient ¢, are very nearly unity. Also, 


, 
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where the operating pressure is less than 50 psi, the supercom- 
pressibility factor y, for air is approximately unity. The defi- 
nitions and values of these factors are given in reference (10) of 
the paper, and elsewhere. 

In the development of the coal-flow equation, the assumed 
density of the coal-air mixture is greater than the actual density 


PclV a 
clature of the paper. 

From this density ratio and with coal/air weight ratios of 1 
or less, the resulting error through use of the assumed density 
is very small and the conclusions of the authors in this respect are 
justified. 

All together the simplifying assumptions in the paper do not 
lead to any appreciable error for the range of flow rates indicated. 
For example, recalculating the first portion of the example in the 
paper, having meter elements of 9.1-in-diam orifice and 10.5-in- 
diam nozzle, the over-all pressure differential, computed with 
corrections for compressibility effects and density of the coal-air 
mixture, was determined to be 11.04 in. water as compared with 
a pressure differential of 10.47 in. water in the paper. In these 
calculations a value for the coal density was taken as 871/2 lb 
per cu ft, 

It is noted that there is no distinction in the calibration of the 
apparatus given for use in horizontal and vertical installations. 
One would expect these calibrations to differ somewhat due to 
the distortion of the flow pattern in horizontal runs. 

Another minor point in question is the dimension used for a 
coal particle through 200-mesh screen. In the paper, a coal- 
particle size is given as 3.1 X 1075 ft radius, which is approxi- 
mately 19 microns diam. Other investigators have indicated 
in the literature a particle size of the order of 74 microns diam for 
particles through 200-mesh screen. Again, a rough check of the 
particle size as scaled from Fig. 1 of the paper, indicates a mini- 
mum diameter on the larger particles of the order of 0.6 in., which, 
when reduced by the magnification factor of 6000, gives a diameter 
of 0.0001 in., or approximately 2!/2 microns. This value does not 
correlate when compared with a size of coal particle given in the 
literature which is of the order of 43 microns diameter for 300 
mesh. 

It would be of interest to know whether the authors in the 
course of their experimentation have obtained any data with 
the positions of the nozzle and orifice interchanged in the flow 
circuit. It is believed that the orifice will produce greater mixing 
of the coal-air flow components than obtained by the nozzle, with 
the result of a more uniform flow pattern. 

In conclusion, the authors are to be Patent le on the pre- 
sentation of their findings and for the use of conventional flow 
formulas. This meter combination should find application in 
the pneumatic conveyance of coal, cement, and grain. 


in the ratio of (1 + ce , where the symbols follow the nomen- 


W. E. Youne, }2 J. T. Perry,!? anp A. KE. Hersuey.!3 The 
information presented in this paper regarding a method for meas- 
uring the instantaneous rate of flow of a suspension of finely pul- 
verized solid material in a gas is particularly timely, in view of 
the widespread interest in processes requiring the “‘fluidization”’ 
of’ solid reactants. Anyone who has struggled with the prob- 
lem of sampling such suspensions, in order to determine flow 
rates, must be deeply in debt to the authors for the extent and 
detail of the information which they have made available. 

In an investigation of feeding and burning pulverized coal, we 


11 ‘Fluid Meters,’ fourth edition, ASME, 1937. 

12 Research Laboratories, Westinghouse Electric Corporation, 
East Pittsburgh, Pa. 

13 Research Engineer, Research Laboratories, 
Electric Corporation. Mem. ASME. 
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have been using a flowmeter of this type for several months, and 
as a result of this experience, as well as reading the paper, some 
questions have arisen which may be of general interest. 

The first explanation of the operating principle of the flow- 
meter which the authors have advanced, appears to-be some- 
what questionable. Photographs of the path lines approaching 
an orifice and a nozzle such as those given by Rouse’! and 
others, indicate relatively little difference in these lines for the 
two types of constriction. Hence the second explanation, that 
the rounded approach of the nozzle provides ‘‘solid surfaces to 
guide the flow,” would seem to be preferable. This comment 
would be rather trivial were it not for the conclusion that a 
nozzle with reversed curvature, such as those proposed by 
Moss,'® may offer some advantages over the long-radius 
design indicated in Fig. 2 of the paper. 

In metering suspensions of pulverized coal with a fineness of 
95 to 99 per cent through 325 mesh, some difficulty with coal ac- 
cumulations has been experienced. Both the orifice and nozzle 
have a diameter of 0.55 in. and they were installed in a 3/;-in. 
line. Fig. 13 of this discussion shows the accumulation of coal 
on both the rubber facing of the orifice and the rounded approach 
of the nozzle after operating a total of about 3 hr. The coal on 
the orifice was soft and the face was easily cleaned. The coal 
on the nozzle approach was very hard and deeply striated. The 
coal fed to this line tested about 1 per cent moisture and 33 per 
cent volatile matter. The air was carefully dried and oil from 


14 “Tluid Mechanics for Hydraulic Engineers,” by H. Rouse, 
McGraw-Hill Book Company, New York, N. Y., 1938, p. 262. 

15 “Measurement of Flow of Air and Gas With Nozzles,”’ by S. A. 
Moss, Trans. ASME, vol. 50, 1928, paper no. APM-50-3. 
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the compressor was trapped out. The sharp edge on the rubber 
faced orifice was eroded by the coal-air mixture and tended te 
round off. 

Pressure pulsations in the combustor have made it extremely 
difficult to obtain manometer readings which are reliable, so thas 
no test data can be presented. This of course implies no erit4 
cism of the flowmeter. 

The test results represented by the curves in Fig. 3 of the pape 
raise another question. According to the differential accelers- 
tion principle, if the meter is calibrated for material with a give 
size distribution and then used to measure flow rates of a mate= 
rial which is more finely pulverized, the indicated flow should 
less than the actual, because, as the particle size decreases the 
pressure drop at the orifice should approach that at the nozzles 
The curves in Fig. 3 indicate the contrary, since the indicate 
flow with 92 per cent through 200 mesh is greater than that for 
85 per cent through this screen. Do the authors have any in- 
formation indicating that this trend is maintained with material! 
in the subsieve size range? 


AuTHoRS’ CLOSURE 


In reply to the discussion by J. M. Cunningham, Mr. Cun- 
ningham correctly deduces that the theory advanced in the paper 
of differential acceleration of coal and air requires that there be! 
an increased concentration of coal at the orifice. Although this: 
may be improbable it is not impossible as, for example, in a cen-: 
trifugal separator or pipe bend the dust concentration increases: 
near the outer wall. As to Mr. Cunningham’s alternate theory 
involving friction and viscosity effects, originally the meter was: 
thought to require a very long-throated nozzle as stated in the 


paper, and a meter was constructed with straight throat lengths 
of 5 and 10 diameters. Except for differences in the clean-air 
coefficient, no difference in meter performance was noted. The 
authors believe that if friction were an important factor these 
two lengths would have shown a difference in meter performance. 
_ Although in.-the paper emphasis is given the differential acceler- 
ation theory because of the known lag of particles suspended in 
an accelerating stream, mention is also made of an alternate 
theory less founded on calculation or experimental results, but 
perhaps nearer the fact that a shift occurs in the position of the 
vena contracta of an orifice because of the presence of particles. 
As to the further discussion by Mr. Cunningham of the de- 
pendence of frontal drag on fluid velocity, it should be pointed 
out that the major effect here is relative velocity of the particle 
and not simply fluid velocity. 

The authors appreciate Mr. Cunningham’s verification of the 
validity of the assumptions made in the application of conven- 
tional flowmeter formulas to the coal-air meter. 

In regard to the expected difference in calibration for horizontal 
and vertical meters owing to settling of coal in a horizontal line, 
this has not been found to be an appreciable effect. Perhaps at 
lower velocities this would become important. 

The size of particle given in calculations in the paper which 
Mr. Cunningham has derived to be 19 microns was a result of an 
average size determination made by the Lea-Nurse permeability 
method on an actual sample of coal pulverized to 90 per cent 
| through 200-mesh sereen. Although the maximum size of the 
opening in the 200-mesh screen is approximately 74 microns, 
the size used in the calculations was taken as an average particle 
diameter of about 19 microns. An explanation for this seeming 
excessively small average size may be that additional pulveriza- 
tion took place in the continued recirculation of coal in test work. 

In checking the distances required for acceleration of a 74- 
micron particle, it was found that 0.484 foot for laminar flow 
and 5.27 ft for turbulent flow were required as compared to 0.364 
in. and 1.34 ft, respectively, for the 19-micron particle. The 
ii distance for turbulent flow changes considerably with size, but 
(even for the small particles the acceleration distance is still ap- 
preciable. 
wi The average size of particle quoted from the literature of 43 
ji) microns applies to a large proportion of the coal in practical use. 
iid The size of particle shown in Fig. 1 of the paper'is of a sample 
pulverized much finer than in ordinary practice, and hence the 
jy Maximum size shown is about 4 microns. _ This figure illustrates 
shape rather than size. 
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With regard to nozzle and orifice sequence the authors have 
tried both arrangements but, because of the smaller disturbance 
of flow after the nozzle, it is usually placed before the orifice to 
make the meter as short as possible. It is probably true that an 
orifice gives better mixing. 

In reply to the discussion by Messrs. Young, Perry, and 
Hershey, the reference in the paper to the guiding surfaces was 
intended to apply only to the straight section of the nozzle. It 
may well be that employing a reverse-curvature nozzle as sug- 
gested would be effective and eliminate accumulation at the 
entrance to the nozzle. 

The meter installed in the 11/2-in. line at Battelle has operated 
approximately 100 hours using coal of 95 per cent through 200 
mesh for 50 hours and coal of 97 per cent through 325 mesh in 
recent tests. This meter was disassembled and examined; some 
hard striated accumulation of coal was found at the mouth of 
the nozzle and very little accumulation on the upstream face of 
the orifice. If the coal continues to build up at the entrance to 
the nozzle, it may be necessary to coat this portion of the nozzle 
with rubber to prevent this accumulation. Abrasion of the 
orifice edge was not perceptible, but in this case the rubber 
bond between the metal and rubber face had separated. The 
reason for this is not apparent. 

Recent work on a coal-air branch flow circulating system, in 
which small meters were installed in 11/2-in. branch lines, indi- 
cates that small meters are subject to greater errors than those 
installed in the 2 and 4-in. lines. Although the reasons for this 
difference in accuracy have not been fully established, there are 
indications that the greater friction effect in smaller pipe sizes 
and the lower Reynolds numbers for a given flow velocity in 
smaller pipes are factors which contribute to this difference in 
accuracy. 

Attention was called to an apparent contradiction in Fig. 3 of 
the preprint which showed that flow indication using coal with a 
fineness of 92 per cent through 200-mesh screen was greater than 
for 85 per cent through this screen. This was the result of an error 
in the placing of symbols on the legend of Fig. 3 and has since 
been corrected. It is true that flow indication with the finer con- 
sists is less than with coarser consists of coal. The authors 
are not able to say whether this trend continues to any marked 
degree in the subseive sizes because no actual test work has been 
done on coal of this fineness, but the meter has apparently op- 
erated satisfactorily in an installation where coal 95 per cent 
through 325 mesh was used. 
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Owing to accumulations of troublesome deposits on the 
_gas side of tubes in one of the boilers at the Naval Gun 
Factory in Washington, a thorough study of the formation 
of the deposits was undertaken. From this work an im- 
proved method of analyzing products of combustion for 
SO, and SO; content was developed, details and procedure 


for which are given in the paper. 
§ A No. 1), installed at the Naval Gun Factory, Washing- 
! ton, D. C., is shown in Fig. 1. The location where un- 
usual, dense, troublesome deposits accumulated on the gas side 
of the tubes is indicated. The deposits resembled somewhat 
_ those often found in economizers, but these occurred in the boiler 
_ even at the end of the first pass of the gases through the tubes. 
| Fig. 2 shows a typical specimen of the deposits, a dark-gray, very 
hard and tenacious, consolidated, somewhat stratified accumula- 
_ tion that was little affected by the soot blowers. It was quite 
‘different from the ordinary accumulation of slag or ash. It was 
| very difficult to remove, caused much draft loss, and was cor- 
-roding the tubes. A typical analysis of the deposit, which con- 
sisted largely of sulphates, is given in Table 1. 


TYPE of boiler and fuel-burning equipment (boiler 


TABLE 1 TYPICAL ANALYSIS OF BOILER-TUBE DEPOSIT 


Percent 
SEEPS cE OX a eee ete a ee a 2.0 
RMNRELSIMC ASV SULGU: spe ilo esau aie ctv orale eleieis's = stays» tue)» «)ape.5,pin owes 2% 
GR USOT, G2 Bade ee ee atari ot oe OS SE oe 0 An oP, 20.9 
DPNISINUL NOX cAI), cris enya e aseie iS pe vcaiaha nm Seles wie al 2.4.0 pre oa layells 8.8 
Meatiron: calculated asI'e203. 0... ee wcc cs ccc scene i oececesses 9.3 
[Calcium oxide, CaO............... 1.0 
Magnesium oxide, MgO......... 0.3 
Sulphur trioxide SO3............ : 38.3 
MmErIOS, CAlcitated ASIN ALO). oo... 5 dc ciw vie cud net ones sc citsises 13.2 
Water-soluble material, approximately.................00e2000e 40.0 


Filtered solution obtained by extracting !/2 g of deposit with 50 ml water at 
room temperature for !/2hrshoweda pHof 2.6. - 


A very low-sulphur coal was burned which analyzed as given 
in Table 2, while Table 3 shows the ash analysis. 


‘ 


TABLE2 ANALYSIS OF LOW-SULPHUR COAL 


Percent 
MUISTNIE) AR=-TECEIVER 2.25 Hela a2 cereleia ous et'e\eters diel melealeepe welds eles 1.8 
Volatile matter, dry basis 21.0 
duexed carbon, dry basis.........-+2esc0+00% 71.8 
SRMMECLIE AD ASIA Seb wael Te mx V55e0. ted hue asim esta 2h. +i) BR ale Pypgends.aleua stele » pe Be eee. 
Sulphur 
Sulphate....... 0.004 
RU TLIC 85% Bin0,- 0.133 
Organic......5.. 0.463 
BiG ara Dass Metra s Pas CA pie # lg: Sadia pia Bie yw Re oe S a5¢ 0.6 
BPEROTY, DASIS). 075.0 «0.0.60 8:cus SBCA CS AAO OOOe Oe Ore eee 14520 
SETS ATST OSS) oo rronil ona oe olen nyo eee ai Gee vl sietores wieleiclinsn oie ia 08.0 2660 F 
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| Department of the Interior, Washington, D. C. 

| 2Chief, Fuels Utilization Division, Bureau of Mines, Washington, 
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3 Supervising Engineer, Bureau of Mines, Washington, D. C. 
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: Test Data on Gas-Side Sulphate-Type 
_ Deposits on Tubes Beyond Boiler Furnace 


By J. F. BARKLEY,? L. R. BURDICK,? ann A. A. BERK! 


ECONOMIZER 


IF 


TINUED TOLAST. | 


DEPOSITS ON BOIL 
TUBES OF BOILER 


POINT OF BEGINNIN 


DEPOSITS CON- 


Fig. 1 


BorLer No. 1 SHow1ne Location WHERE UNUSUAL, Harp, 
ConSOLIDATED SuLPHATE-TypE Deposirs ACCUMULATED ON Gas 
Sripr oF Tuses 


(Boiler heating surface 10,000 sq ft; waterwall surface 2013 sq ft; super- 
heater surface 1520 sq ft; operated with superheater by-pass opened wide.) 


TABLE 3 ASH ANALYSIS 


Per cent 
Loss on ignition at 800 C 0.4 
Silica, Si Oes da Soda ete Aone cae kt ee tabi Ramee ives 50.3 
Aluminum oxide, Al:O:.. 31.4 
Berric oxide sl e2Os dite’. eae ato as ae ce ee ee 9.9 
Calctumoxide: CaO, Saks en «ton sia te once pe Gore eee oes 1.4 
Magnesitim oxide; MeO s.2%)..U.\-se ee meets bath Cd dene 183 
Sulphur trioxide; SOss- 3 «Noo yep coe eae oe ee a eeemeecae 1.3 
Alkalies, bysdifferencesNasO)-1 KeO 5 eiccccn os cereisierdate siee ince 4.0 


The boiler was operated at 195 psi pressure, or a saturated- 
steam temperature of 386 F, with a superheated-steam tempera- 
ture of 570 F. Although designed for a load of about 140,000 
lb of steam per hr, the average 24-hr load was about 68,000 lb 
of steam perhr. The average amount of coal burned per square 
foot of projected grate surface was about 22 lb; a CO; of not less 
than 14 per cent was carried. 

Fig. 3 shows another type of boiler (boiler No. 3) at the same 
plant, using the same coal and operating at the same steam pres- 
sure, with a superheated-steam temperature of 480 F, which gave 
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Fig. 2. Harp, Consouipatep, SuLPpHATE-TyPE Deposit THat AccuMULATED ON Gas Siprz or Borter TUBES 


24.FT 


REFRACTORY 


CLINKER 
GRINDER 
PIT. 


Fig. 3 Borter No. 3 Wuich Gave No Trovusie From SuLpHATE- 
Typre Deposits 
(Boiler heating surface 7790 sq ft; superheater surface 695 sq ft.) 


no trouble from such deposits. The average steam load was 

about 31,000 lb per hr and about 20 lb of coal was burned per 

square foot of grate area; a CO, of about 12 per cent was carried. 
Srupy or Deposits UNDERTAKEN 


Suggestions from many sources for improving conditions 
proved ineffective, and it was decided to study the forming of the 


deposits by means of 6-ft 4-in. tubular probes made of 11/2-in 
gas pipe, devised as shown in Fig. 4. Piping was arranged s¢ 
that either saturated steam or water at various temperatures 
could be used to hold the probes at any chosen temperatures 
Figs. 1 and 3 show where the probes were inserted in the boile2 
settings. 

Table 4 gives results obtained with the probes. In summary 
it shows that, for boiler No. 1, the formation of deposits at the 
end of the first pass essentially ceased and appreciably decreasee 
at the entrance to the economizer when a CO: of 9 per cent wa 
carried. As the CO, increased, the deposits at both points in 
creased. For the same conditions, the cooler the probe the mor 
the deposit. The probes also showed that for boiler No. 3 the 
same type deposit that did not accumulate on the boiler tube: 
would accumulate at the boiler outlet on a probe cooled well bes 
low boiler-tube temperature. H 

The deposit on the cooled steel probe characteristically heal 
against the probe a white layer which was largely ferrow 
sulphate. The remainder of the deposit consisted chiefly of sul 
phates and silica, such as would be formed from entrained #4 
ash acted upon by sulphuric acid. The iron of the inne 
layer appeared to come largely from the probe as it continual! 
lost metal as from corrosion. The action is shown typically by 
comparison of deposit analyses A and C for test 1. Samples + 
and C were obtained by scraping off as carefully as possible — 
top layer of the deposit for C, and then, after continued scrapimgy 
taking a sample of the Jayer that first formed against the piped 
Sample C shows an increase of silica and altmina and a decreas 
of iron and sulphur trioxide. The C analysis, in this respeet} 
heads in the general direction of a typical analysis of the fly as: 
or dust which had high ratios of silica and alumina to iron an}} 
very low sulphur trioxide as shown in Table 5. | 

Both samples E taken from the side of the probe toward thd 
gases for tests 3 and 5 at the end of the first pass showed a sligk 


Fie. 4 Srx-Foor WaTrER- or SteamM-Coo.tep EXPERIMENTAL TUBULAR PRoBE UsxEp To ACCUMULATE SPECIMEN DEposiITs 
(Temperature of probe was determined by thermocouple.) 
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TABLE 5 TYPICAL ANALYSIS OF FLY ASH OR DUST 
Per cent 
Moistureat 105 Csr ce cre crerstaeseye viel @ oe Gistetelene)? cleleremnelalaleigy (er eneie nie be a 
Loss on ignition (less moisture)... -..-.s sees cece seer ee ese eeres oo 


SFiToy SHON asa Gosued anon o Gon nonGorDocaacOnaugm Oo oe UIE GO TICG 
Aluminum oxide, Al2Os.......0. 2 sect e eee een e rete e ee eenes 
Totaliron, ealoulatedas FesOssttien eine ase aaibrenneeranchaeorore eaters 
Calcium oxide, CaO 
Magnesium oxide, MgO.......--ee sere cere cette rte te ences 
Sulphur trioxide, SO eee we alec Basra ene Manel oumtaunle, clea 


tendency to have more sulphur trioxide than samples F taken 
from the side of the probe away from the gases. 

Much smaller deposits collected on uncooled probes. For ex- 
ample, for test 1 at 12 per cent CO, at the end of the first pass only 
a trace of deposit was present; not enough for analysis. It was 
powdery and probably differed little from fly ash. For test 2 at 
15 per cent CO», enough deposit was formed to provide a sample; 
it was powdery and contained 13.5 per cent SOs. 

To determine if a steel tube was necessary to cause the deposit, 
the probe was wrapped tightly with a thickness of 1/1. in. asbestos 
gasket material to form a nonmetallic probe. The analysis of the 
deposit for test 5 at the entrance of the economizer showed a 
typical acid high sulphur-trioxide deposit; it had, however, a 
relatively lower iron content and was less consolidated than de- 
posits formed on a steel probe under similar conditions. The 
trace of deposit found on the uncooled nonmetallic probe of test 
1 appeared to be the same type of deposit. 

Very little importance can be attached to the moisture content 
of the deposits. When the probe was removed from the boiler, 
the deposit appeared quite dry. Ina few minutes after being in 
the air, however, it became quite moist, showing the relatively 
new deposit to be quite hygroscopic which is typical of some sul- 
phates, particularly of iron sulphate in the presence of small 
amounts of sulphuric acid. This characteristic prevented satis- 
factory weighing of the deposits. As shown in Table 4, quan- 
tities were judged visually and eae ed on a relative basis. The 
deposit of the probe was removed easily and cleanly with water, 
leaving a shiny metal showing corrosion. The old deposit on 
the boiler tubes did not take up water so readily, nor was it readily 
dissolved. The rate of dissolution appeared to be affected greatly 
by the age of the deposit and its physical condition. 

The physical nature of the deposit was affected greatly by its 
SO; content and also somewhat by the pounding action of the 
gases and fly ash. Hard consolidated deposits showed relatively 
high SO; content; powdery deposits showed relatively low 
SO; content. The test deposits on the probes toward the 
gases were harder than those on the back side, which were almost 
fluffy during the earlier stages of formation. The color was greatly 
affected by the quantity of soot entrained, ranging from white, 
against the iron, to gray, and on to virtually a black. 

The 106-hr deposit of test 7 of boiler No. 3 showed appreciably 
higher SO; content than that of fly ash. It was not much con- 
solidated, but its general appearance evidenced the beginning of 
the sulphate type of deposit. 

In general, the probes indicated that under the proper condi- 
tions of saturation of the sulphurous gases and the moisture of 
the products of combustion, in which temperature is involved, 
the iron of the boiler tube and entrained fly ash are attacked, 
corroding the tube and altering the chemical and physical nature 
of the fly ash, causing the formation of a dense hard deposit. 
Since boiler No. 1 formed some deposit at 12 per cent CO, at.the 
end of the first pass which boiler No. 3 did not, another factor was 

involved which apparently was a function of the equipment or 
its operation. 


Wipe RANGE or OprratiInG ConpiTIons INVESTIGATED 


Experiments were made on changing the moisture contents of 
the products of combustion by operating with and without a 


TRANSACTIONS OF THE ASME 


FEBRUARY, 1948 


continuous flow of cooling water in the ash pit of boiler No. 1, 


The boiler was also operated without the use of soot blowers for 
a period of 2 weeks. No measurable effects on the formation of 
the deposits were evidenced, the relative quantities of moisture 
involved being too small. 

A study was next made of the SO, and SO; contents of the 
gaseous products of combustion. To analyze for SO2 and SO:, 
the method described in the ASME Power Test Code,® was 
carefully followed and found to be quite unsatisfactory and un 
reliable. An aspirator and orifice meter were used, drawing gas 
at the rate of 0.1 cu ft of 32 deg F, 29.92 in. Hg dry gas per min- 
ute for 30 min to give the 3 cu ft recommended for low-sulphur 
gases; the latter were absorbed in sodium hydroxide containing 
benzyl alcohol as directed. Trial tests were made with mixtures 
of SO, and air to check the apparatus and laboratory work. The 
volume of SO, calculated from these trials agreed satisfactorily) 
with the volume fed, and no sulphate was found in the absorptior: 
solution, indicating satisfactory inhibiting action of the benzyl 
alcohol. However, when products of combustion were analyzed 
by the same methods, higher SO; values were obtained thant 
anticipated and the total amount of sulphur in the gases was: 
more than could have been present had all the sulphur in the coal 
gone into the gases. 

When tests were made under operating conditions producing; 
appreciable smoke, which occurred at times at 15 per cent 
CO, the small tuft of glass wool used for the filter permittec( 
much of the fine carbon to get through and the absorbing solu 
tion became so dark that the titration end point was very difficult. 
The filter material was increased to 6 times the original amount 
which provided a colorless solution for titration, but resulted in 
much lower values of SO:, particularly after soot had collectec 
on the filter. 

The values obtained for the SO; in the flue gases varied wii! 
the length of time the gas was drawn through the absorbing soli) 
tion. By special tests of analyses of the rinse of the sampling 
tube and also of the bubbling tube, it was found that the Si 
variation did not take place in either but did occur in the solutios 
in the absorption bottle. When a sample of flue gas was draw 
through the absorption bottle for a time period of 15 min, tha 
SO; content shown for the gases by the solution was quite dif 
ferent from that shown for a time period of 45 min. The 15-mia 
value was always much less—often less than one third, dependiny 
upon the nature of the flue gas. 

The benzyl alcohol was not preventing the oxidation of sulphit 
to sulphate. Several changes in procedure were tried, such «4 
dropping benzyl alcohol into the solution continuously during tl 
test, the use of a straight instead of a right-angled bubbling tubed 
maintaining the absorbing solution temperature at 50 F, and coe}} 
ing the gases before entering the bubbling tube; but none of thes 
expedients was helpful. | 

Work in the laboratory with mixtures of 50, ee CO, in ail 
indicated that CO: did not interfere with the inhibiting action cq 
the benzyl alcohol. All evidence pointed to the fact that som 
unknown element in the products of combustion was poisonini 
the inhibitor. Laboratory work with SO.-CO.-air mixture 
showed that benzyl alcohol would not prevent the oxidation ¢ 
an appreciable amount of the sulphite to sulphate in the absory 
tion bottle when a very small quantity of copper ion was presenij| 
To a lesser extent, in the order named, other substances such ¢! 
platinum, oxides of nitrogen, manganese, titanium, cobal 
nickel, and vanadium also produced this effect. 

When the flue gases from the boiler were drawn through & i 
tilled water and the resulting solution evaporated, copper we} 
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|| found to be present in the residue. The copper was coming 
{ from the coal; eo riot eaes analyses of the coal ye showed 


It is quite probable that some coals are free from metals or 
| substances which might affect the inhibitor. However, since 
there are so many minerals of all types in relatively small quan- 
tities in coal, a scheme of analysis had to be used that would 
insure satisfactory results. 


Meruop or ANALYsis DEVELOPED 


The apparatus, reagents, and procedure finally adopted dif- 
i fered from the ASME Code in the following particulars: 


The Sampling Tube. This consisted of a 19-mm-OD Pyrex 
‘| glass tube, closed at the end, having four '/,.-in. inlet holes on 
i) 4-in. centers along one wall of the tube. No filtering material 
4 used in tube; two 5-mm-OD Pyrex tubes for connection between 
'\’ the sampling tube and bubbling tubes. 

| The Bubbling Tubes. Two bubbling tubes were used, each 
| having extra-coarse sintered-glass immersion filter to prevent high 
ll pressure drop across the two absorption bottles. 

The Orifice Meters. An orifice meter was used to measure the 
“) gas from each absorption bottle. 

Procedure. One hundred milliliters of 0.1 normal NaOH, 5 
'ml ¢c.p. benzyl alcohol, a known amount of Na2SO, equivalent 
to about 10 ml N/50 NaOH, and 1 drop of benzaldehyde (if re- 
i\) quired) were put in the absorption béttle. . Thirty milligrams of 
| P-amino-phenol-HCl were added to the solution exactly 2 min 
before the start of the test; the P-amino-phenol-HCl was mixed 
with mannitol in the proportion of 1 to 35 to facilitate measure- 
lf ment of small quantities with a spoon or scoop; 100 ml of 0.1 nor- 
ili mal NaOH was used instead of 50 ml of 0.2 normal NaOH pri- 
‘marily to dilute any undesirable impurities absorbed from the 
| gases. 

A pH meter was used instead of brom-cresol-green to deter- 
\@ mine the end point of the titration at 4.6 with 0.2 N HCl. 

One absorption bottle was used during half of the test period, 
# and one for the full test period, thus giving evidence as to the ac- 
if tion of the inhibitor. It was found that all ¢.p. benzyl alcohol 
as purchased in bottles did not have exactly the same inhibiting 
itaction. It was necessary to add a drop of benzaldehyde, an im- 
# purity frequently found in benzyl alcohol, to obtain the desired 
action in all cases except one. Its addition to one bottle of the 
} alcohol was found to be detrimental. Using the two absorption 
bottles protected the test by indicating when the data of the test 
were satisfactory. 

During the laboratory work with SO.-CO,.-air mixtures, the 
«(volume of SO, indicated by the tests failed to check the volume of 
int SO, fed to the apparatus. Tests with a CO,-air mixture gave an 
qbacid titration of 49.0 ml instead of the 50 ml blank, showing 
vit that at the end point chosen a correction for CO; effect should be 
+made in the calculation for SO. when the method is used for boiler 
flue gases. By using 49 instead of 50 in the ASME formula 
for the calculation of SO, volume, test values for the volume of 
SO. in SO.-CO,-air mixtures checked the actual volume of SO, 
i closely. This correction accounted in part for the excessive total 
‘)sulphur found in the flue gases during the early tests. 


Trst RESULTS AND COMPARISONS 


Table 6 shows a comparison of the results obtained at the Naval 
}Gun Factory with the ASME and the improved procedure. 
ft is believed that with the new procedure, the volume of SO, 

determined by the analysis is within an accuracy of about 2 per 
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cent of itself and that the maximum error in the determination of 
the SO; is +0.0002 per cent SO3. 

Table 7 shows results typical of many analyses of the products 
of combustion for SO, and SO; at the boiler outlet. The SO, 
value for different CO. contents for boiler No. 1, as would be 
expected, increased with the COs, the excess air being considered 
merely a diluent. The reverse was true of the SO3; it increased 
as the CO, decreased, that is, increased with the oxygen as if 
more oxygen burned more SO, to SO3. This oxidation is con- 
sidered to increase continuously the SO; formed as the gases pass 
through the boiler. 


TABLE 6 COMPARISON OF ANALYSES FOR SO: AND SO: WHEN 
USING ASME AND NEW PROCEDURE; 30-MIN SAMPLES 


—Per cent SO2 by volume— 7—Per cent SO; by volume— 
Per cent New New 
Oz ASME procedure ASME procedure 
9.4 0.033 0.031 0.0054 0.0020 
11.8 0.040 0.036 0.0052 0.0012 
11.8 0.039 0.034 0.0044 0.0012 


TABLE7 SO:AND SO; CONTENTS OF ates i BOILER OUTLET 
OF BOILERS NOS. 1 AN 


Per cent Percent 
Per cent SO: SO; % SOs 
Boiler no. CO: by volume by volume % SOs 
1 9 0.033 0.0031 ll 
1 12 0.039 0.0025 16 
1 15 0.045 0.0015 30 
3 12 0.034 0.0012 28 


A study of the dew points of the 9 per cent CO: gases and the 
15 per cent CO: gases showed that although the SO; content of 
the 9 per cent gas was about twice as high, its dew point was only 
about 20 F higher, because of its lower moisture content, the 
diluting air having much lower moisture than products of com- 
bustion with no excess air. 

Table 4 shows that there was only about one third as much 
deposit with the 9 per cent CO: gas at the boiler outlet as with 
the 15 per cent CO, gas, although their dewpoints were about the 
same. Comparing the 12 per cent CO, sample of boiler No. 1 
with that of boiler No.3, both of which had about the same oxygen 
and moisture content, for the gas of boiler No. 1 somewhat higher 
SO; is shown, much higher SO;, and a correspondingly lower 
SO:/SO; ratio. This again points to a factor which was due to 
some difference in equipment or operation. 


Fiy-Asu SAMPLING 


There is considerable general belief among operators that 
relative difficulties from the sulphate deposits are greater for 
underfeed stokers and less for spreader stokers and pulverized- 
fuelequipment. One factor related to such equipment which defi- 
nitely varies inversely is the quantity of fly ash entrained in the 
gases. A number of fly-ash samples were taken at the boiler 
outlet of representative installations of underfeed stokers, of one 
traveling-grate stoker, and of several spreader stokers, all burning 
about 0.7 per cent sulphur coal. As an extreme case, a sample 
was taken at the outlet of the air preheater of a wet-bottom 
pulverized-fuel boiler using a 2 to 3 per cent sulphur coal. The 
following shows average analyses of the samples: 


Equipment SOs pH 
Undeérfeedst er cet 6. oahtentaas 1.44 3.68 
Traveling PTAte. tac aier anielawe<nsye 1.50 Sto 740) 
SDLeSGersin ny dec peat aus, where acess Ae §.23 
Wet-bottom pulverized........ 1.00 11.50 


The more the fly ash, the less was the SO; content and the acidity. 

Because of the unusually long rear arch of boiler No. 1, much 
less fly ash was entrained in the gases than for boiler No. 3. A 
study was made of the fly ash from boiler No. 1,as shown in Table 
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8. The fly ash for 9 per cent CO, had less sulphur than that for 
‘15 per cent CO, and waslessacid. The fine sizes passing the 325- 
mesh screen for all cases had more sulphur and were more acid 
than the corresponding coarse sizes. It appears reasonable to 
assume that the sulphurous gases act on the fly ash in the gas 
stream, and that relatively more action would occur on the greater 
surface of the fine sizes. The coarser fly ash, however, retained 
on the 50-mesh screen had more SO; than the original nonsieved 
sample. This would indicate that the middle sizes were lower 
in SO3, which did not at first appear to be reasonable. 
Microscopic study, however, of the coarse sizes showed that 
coarse platelets of sulphate-type deposits were mixed with the fly 


TABLE 8 SULPHUR CONTENT AND po ee eee OF FLY ASH FROM BOILER 


————9 per cent COz test ——. ———15 per cent CO: test 


Boiler 
hopper 

Sieve analysis of fly ash, per cent: 
Retained on No. 16sieve.......... 9. 


to 


Retained on No. 30 sieve, passing 


INOS IGRI Desderccoon ods pcb? 33.3 
Retained on No. 50 sieve, passing 
INOS oU SIEVE Soar te tila cine sae 30.4 
Retained on No. 100 sieve, passing 
ING OO ISIO WO nano Ae eteneicie, centers she 18.0 
Retained on No. 200 sieve, passing 
INOwLOO sieves canisters ere 5.1 
Retained on No. 325 sieve, passing 
INOS ZOO BIOVOMT-tericle satctlereicicae aisle 1.4 
Passing No. 325 sieve............ 2.6 
Chemical analysis of fly ash: 
Sulphur as SO3 
Nonsieved sample, percent...... 0.9 
Sample retained on No. 50 sieve, 
DPOENicon ea Meare ak ine cee rarest s Heel 
Sample passing No. 325 sieve, per 
Pofey 28 Sart Chetry Cee toc ack Oe on eae 1.4 
Nonsieved sample.............. 5.3 
Sample retained on No. 50 sieve... 5.0 
Sample passing No. 325 sieve. . 4.6 
Fly ash per hr, LN SURAT ERT ape tia CRORE NTN | 
Sulphur in fly ‘ash per hour) Ibe. se .c e 0.090 
Coal fired per hour, as fired, lb........ 
noe een sulphur in ceal, as fired, per 
Sulphur: in coal fired, per hour, lb..... 
Sulphur in fly ash, per cent of sulphur 
ein Coalsper cents .2...ccee eine coher 6 0.2 


ash, and also that the coarse particles of fly ash had embedded 
in them particles of the same deposit. This indicated that the 
fly ash was cutting into any deposit formed, thus retarding its 
accumulation. For both tests the sulphur in the fly ash and 
the fly-ash acidity increased as the ash moved through the boiler 
passes. There was also much more fly ash at 9 per cent COs, 
about 4 times as much being caught per hour in the ash hoppers. 
Although the fly ash caught at 9 per cent CO, had less sulphur 
in per cent, it took out a greater poundage of sulphur than the 
fly ash caught at 15 per cent CO,. Table 8 also shows that the 
amount of sulphur in this fly ash was exceedingly small, as com- 
pared to the total amount in the coal burned. This would also 
be true of the amount in the fly ash leaving the boiler. 


SUMMARY AND CONCLUSIONS 


An improved and satisfactory method of analyzing products 
of combustion for SO and SO; content is given. 

The data of this continuing investigation to date indicate the 
complexity of the action resulting in the accumulation of the 
sulphate-type deposits on the tubes. Many factors are involved, 
such as the temperature of the collecting surface, the temperature 
of the gases, the quantity, size, and chemical analysis of the fly 
ash, the relative amount of burning of SO, to SOs, and the rela- 
tive saturation of the moisture and of the sulphurous gases which 
depends upon the CO; carried and the amount of sulphur coming 
from the coal. The term “sulphurous gases” is used because the 
relative action of the SO. and the SO; has not yet been satisfac- 
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Economizer Boiler Economizer 
hopper hopper hopper 
5.9 2.4 0.9 

29.7 20.2 12.4 
32.2 32.7 30.5 
21.4 27.7 33.1 
7.4 10.3 15.5, 
1.6 2.4 2.8 
1.8 4.3 4.8 
LE 1.0 2 
1.3 1.2 1.4 
1.9 2.8 ° 3.4 
4.2 4.0 3.38 
4.5 4.4 4.1 
4.3 3.2 3.1 
205 E 6.4 4.6 
0.088 0.026 0.022 
5470 : 
0.7 0.7 
38.3 
0.2 0.07 0.06 
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torily determined. Any one of these factors might be the ee 
erning one under a particular set of conditions. 

Table 4 shows for boiler No. 1 more deposit at the economizes 
inlet with 15 per cent CO; than with 9 per cent COz, althougt: 
the dew points of the gases are nearly the same; evidently the 
sweeping action of the greater amount of fly ash, together witli 
its higher traveling speed, for the 9 per cent CO: was a big facton 
in retarding the accumulation. The acidity of any fine fly ast 
entrained in the deposit for the 9 per cent COz was approgsll 
less than for the 15 per cent COz. 

The deposit on ferrous tubes characteristically had an inne 
layer of white deposit of ferrous sulphate, formed largely from the 


iron of the tube and sulphuric acid; the remainder of the deposi 
consisted chiefly of sulphates and nas such as would be former 
from fly ash entrained and acted upon by sulphuric acid. 
The deposit can form on nonferrous equipment, showing thaa 
the initial action of sulphurous gases on iron is not necessar 
The fact that the deposit can form at temperatures so mu . 
higher than are ordinarily anticipated from dew-point considerad 
tions calls for more study. | 
When boiler No. 1 is operated at 12 per cent COs, some depo 7 
builds up even at the end of the first pass; when boiler No. 3 
operated at 12 per cent COs, no deposit builds up anywhere in th: 
boiler. Factors functioning to cause the difference are the muc? 
higher quantity of fly ash in boiler No. 3 which physically sweep 
on the tubes, and the apparent action of this greater amount cq 
fly ash in one out a greater amount of sulphurous gases fron] 
the products of combustion. It appears reasonable to assum/ 
that the fly ash takes out SO; in preference to SQ. Althougy 
the amount of sulphur taken out is not much of the total sulphu} 
involved, it could be enough of the SO; to result in an appreciabl} 
lower doe point of the gases. Just what.effect, if any, the boiled 
No. 1 type of furnace, with its greater water cooling, has or th | 
production of SO; as compared to the boiler No. 3 type of furnadt 
is not now known. Just what bearing, if any, the slightly highed 
superheater temperature of boiler No. 1 has on the problem is nc@ 
now known. 
As an operating matter, it was found that by dropping the C ( 
from above 14 per cent for boiler No. 1 to about 12 per cem 


| CO:, a year’s operation could be had without draft loss and with 
only a small accumulation of deposit which was effectively re- 
| moved by an off-the-line water-washing procedure devised by the 
| plant personnel. 

4 Possibly the answer, at least in part, to the question asked 
| repeatedly in.the last few years as to why sulphate-type deposits 
have recently become so much more troublesome, may be that 
| higher CO; content is, in general, being carried, resulting in many 
\) Cases in appreciably less fly ash; lower-grade coals such as were 
received during the war, having higher moisture or sulphur con- 
| tents, would also be a contributing factor. 


ACKNOWLEDGMENTS 


These studies were made possible through the capable co-opera- 
tion and advice of Earl Griggs, Master Mechanic in charge of 
the Naval Gun Factory power plant. Dr. Elias Bielouss of the 
| Navy, and N. E. Rogers and W. A. Selvig of the Bureau of Mines, 
assisted on the analytical work. D. J. Mosshart and A. C. 
Stark of the Westinghouse Electric Corp. gave helpful assistance. 


Discussion 


Haru Grices.® A brief outline of the boiler deposits from an 
-operator’s viewpoint follows: 

Boilers Nos. 1 and 2, both identical, were purchased new and 
'} put on line January 24, 1942, and January 25, 1943, respectively. 
|} Designed for 405 psig, 700 F, they are operated at about 195 psig, 
600 F. Due to local reducing-valve conditions, loading is 
limited by total temperature of 600 F. This results in a maxi- 
mum loading of 90,000 lb per hr. 

The deposit appears to have the same expanding and con- 
tracting qualities as the tubes. It is very hard and brittle on 
the gas-stream side, and somewhat softer with powdery tendency 
'on the opposite side. In general, after removal the tubes have 
a bright appearance, thus showing corrosion, but no pitting is 
visible. Eighteen pilot tubes are measured with micrometer 
from time to time; to date tube wastage is not appreciable. 

Due to draft loss caused by build-up of deposit, it is necessary 
to wash the tube surface with water at 40 to 50 psig and normal 
flow temperature, say, 60 to 90 F. The superheater and econo- 
{mizer are also washed at this time. Three men per 8-hr shift 
for 3 continuous shifts are required. Various lengths of pipe 
Vequipped with standard pipe fittings are arranged to enter tube 
lanes so water will reach each tube in the bank. While the 
™/ entire deposit is not soluble in water, apparently sufficient water 
1 is absorbed to loosen the bond. After washing, all visible sur- 
| faces are free of deposit. 

Immediately after washing, the boiler is filled with 220 F water 
}and a wood fire is maintained for a minimum of 72 hr, then the 
coal fire is ‘‘lit”’ off and the boiler cut in the line. In this way the 
boiler is dried at once to avoid the possibility of any water of ap- 
‘preciable acid content causing accelerated corrosion. This is 
most apt to occur in rather inaccessable places where insufficient 
jwater reaches the area. 

‘A reinjector system has recently been installed on boiler No. 1 
ito inject contents of sifting, boiler outlet, and economizer hoppers 
nto the combustion area. The effect of this installation in re- 
tarding deposit build-up has not yet been noticeable. 

| Opinions have been expressed that the length of the back arch 
‘jis conducive to deposit and should be reduced appreciably to as- 
W\sist in decreasing the amount of deposit. As this is a major 
“{change and costly, it is not contemplated at this time. 

The study to date has revealed that operation at 12, per cent 
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CO? retards the build-up rate. However, it is hoped that fur- 
ther steps which will be not too costly can be taken so that 
14.5 per cent CO. can be carried without appreciable deposit. 


W. F. Hartow.? The crux of the problem presented in this 
paper is the origin of the sulphur trioxide which is clearly the 
cause of the deposits. This particular deposit trouble is only 
one of several injurious effects which arise from the presence of 
sulphur trioxide in flue gases, the reasons for which have been 
under close investigation by the writer’s company for a number 
of years. This question was dealt with in a paper’ by the writer 
in 1943, in which it was shown that sulphur trioxide can be formed 
by the passage of flue gases over heated oxidized iron, the amount 
depending upon the temperature of the metal and the condition 
of its surface. 

These findings were based on actual measurement of the con- 
densed acid on temperature-controlied surfaces, thus avoiding 
contentious chemical methods of flue-gas analysis which, as this 
paper shows, may give misleading results. 

The writer submits that the passage of flue gases over unpro- 
tected iron surfaces at elevated temperatures is the major cause 
of the sulphuric-acid production in boiler plants and suggests 
that the case under discussion is no exception and that the sulphur 
trioxide is chiefly formed on the superheater tubes. Although 
the temperature of these tubes, as judged by the steam tempera- 
ture, is considerably below that at which any considerable for- 
mation of sulphur trioxide has been shown to occur, it should be 
realized that the metal temperatures may often be much higher 
than the steam temperatures would indicate, owing to unfavorable 
conditions existing on the inside and/or the. outside of the tubes. 
Internal scale will of course elevate the metal temperature, 
and external deposits can cause unequal distribution of the gases, 
resulting in local overheating of some tubes above the average 
temperature. An even more important factor affecting the metal 
temperature is the possibility of unburned gases reaching the 
superheater, resulting in surface combustion on the tube surface. 
This will elevate the skin temperature considerably above that 
which would exist if the gases were inert. Restriction of flame 
impingement on superheater tubes has-been found to reduce con- 
siderably the amount of acid in flue gases. 

The difference in acid content of the gases from boilers Nos. 1 
and 3 could be explained adequately by the higher superheat 
temperature of boiler No. 1, together with the possible variations 
in the other factors referred to. 

The writer has seen deposits of the type described in a boiler 
constructed with a two-stage superheater arranged across the 
unit. The deposit was much heavier on the boiler tubes in line 
with the secondary or high-temperature superheater than with 
those in line with the primary superheater, showing that the 
superheater-tube temperature was the controlling factor, since all 
other conditions were identical. 

Any reduction in the operating temperatures of the superheater 
tubes can be expected to reduce the acid production and conse- 
quent deposit formation. The introduction of secondary air 
has been found to have a beneficial effect in this respect by ac- 
celerating the process of combustion in the gases so that this is 
completed before the tubes are reached. 

It will be seen that since the acid content of flue gases is a func- 
tion of the temperatures of the surfaces over which they pass, any 
comparison of the acidity produced by different types of combus- 
tion equipment may be misleading unless the boiler temperatures 


7 International Combustion Limited, Derby, England. 

8 ‘Causes of High Dew-Point Temperatures in Boiler Flue Gases,” 
by W. F. Harlow, Proceedings of The Institution of Mechanical Engi- 
neers, vol. 151, 1944, pp. 293-298. 
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are identical. For this reason it is necessary to know the par- 
ticulars of the boilers from which the figures for acidity were ob- 
tained for the relative merits of the different types of combustion 
equipment to be assessed correctly. 


Hitmer Karusson.? The authors should be congratulated on 
developing an improved method for determination of SO2 and 
SO; content in flue gases, the accurate determination of which 
will permit a better understanding as to the relative importance 
of these constituents in flue gases as it affects the low-temperature 
surface of a steam generator and its auxiliary heat-recovery 
equipment. 

The authors’ findings that deposits of ferrous sulphate will 
take place even on nonferrous types of surface is interesting and 
confirms findings in connection with a study now in progress of 
the different types of deposit formed at the cold end of air-pre- 
heater surface. 

The findings by the authors that fly ash passing a No. 324 sieve 
or particles less than 44 microns in diameter are higher in acidic 
content than the larger particles indicates that particle size is one 
important item to consider in investigations of factors causing 
corrosion of the low-temperature surface in a steam-generating 
plant. a OS 

The authors’ investigations further prove that the method of 
firing, in the case of coal fuels, is an important factor in the rate of 
corrosive attack to be anticipated by the gases of combustion 
from any given coal and confirm the knowledge now available. 

It is hoped that the work started by the authors may be con- 
tinued so as to permit a more accurate evaluation of the different 
factors affecting corrosion of air preheater, economizer, and boiler 
heating surface. 

It may not be amiss to mention in this connection that the 
company with which the writer is associated, presently has a 
co-operative program under progress with the Bureau of Mines, 
the results of which, when published, it: is hoped will throw fur- 
ther light on the problem under discussion, especially as it af- 
fects the low-temperature zones of the flue-gas system, which in- 
cludes air-preheating surface. 


W. T. Ret. The importance of deposits on heat-receiving 
surfaces of steam-generating equipment is rightly stressed by the 
authors. However, unlike the usual case where interference with 
the transmission of heat is the principal problem experienced 
with boiler-tube deposits of coal ash or slag, they point out that 
draft loss and corrosion are the most objectionable features of the 
thick, consolidated, and tenacious coatings described. The 
occurrence of sulphate deposits of this type has been noted only 
in recent years, but most of the trouble observed has resulted 
from external corrosion of furnace-wall tubes in pulverized-coal- 
fired furnaces.1! In some instances, corrosion in such furnaces 
has been so severe as to necessitate tube replacement, but the 
authors do not state the extent, or degree of corrosion in the stoker- 
fired furnace shown in their Fig. 1. Such information would 
be valuable not only in comparing the activity of sulphate-type 
_ deposits in the two types of furnaces and under different condi- 
tions but also in pointing out the hazards to be expected in allow- 
ing such deposits to form on boiler tubes. 

Of particular interest is the similarity between the composi- 
tion of the deposits described by the authors and those found on 
furnace-wall tubes, as shown in Table 9 of this discussion. 


* Chief Engineer, The Air Preheater Corporation, Wellsville, 
N.Y. Fellow ASME. 


10 Supervisor, Battelle Memorial Institute, Columbus, Ohio. 
Mem. ASME. 
11 “External Corrosion of Furnace-Wall Tubes—I. History and 


Occurrence,’’ by W. T. Reid, R. C. Corey, and B. J. Cross, Trans. 
ASME, vol. 67, 1945, pp. 279-288. 
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OMPARISON OF BOILER-TUBE AND FURNACE 
TAPERS ae ALL-TUBE DEPOSITS 


play hea boiler-tube— —Typical furnace-wall 
deposit, per cent tube deposit, per cens® 
As received Ash-free As received Ash-free) 


Moisture at 105C...... 2.0 aera 0.2 


Combined water........ 2.4 - See Odio ee 
Pilea Sia rea ae pioK aes oes 
Aluminum oxide, AlzOz 5 ae A Kae 
Total iron, as Fe2O3..... 9.3 15.3 16.6 20.3 
Calcium oxide, Ca. 6. ae 5a vie a ake 
Magnesium oxide, Mg' . ss * ve 
Sulphur trioxide, SOs) 38.3 63.0 36.5 44.6 
Alkalies, as NasOMe oe 13.2 PANES 28.7 35.1 
Water-soluble........-. 40.0 ae 90.8 ooo 
pH of 1 per cent solution 2.6 i 3.6 2 


2 Sample C-9, reference noted. 


The calculation of the ash-free composition is based on tha 
fact that the compound K;Fe(SO,); is known to be present ia. 
large amounts in the water-soluble portion of these deposits: 
Although solid solution of other components such as NasSO, ana 
SO; may occur, there is little likelihood that silica, aluminag 
or other normal constituents of coal ash play any real part in the 
production of the deposit, and thus they can be neglected i# 
evaluating its formation. Presumably the process is one of deg 
veloping a liquid surface by reaction of alkali metals, SOs, ana 
iron oxides supplied either by the tube metal or occurring in coaj 
ash, with fly ash adhering to this sticky surface to increase tha 
bulk of the deposit. Although some of the Fe,O3; shown by 
the analysis undoubtedly occurs in the fly ash physically held in th 
deposit, the iron oxides cannot be distinguished from those in 
chemical combination as K;Fe(SO.)s; -thus all the Fe2Q3; is i 
cluded in the ash-free composition. eh 

The essential differences in the two deposits is in the relative 
proportions of SO; and alkalies. For the boiler-tube deposit 
the SO;/NazO ratio is 2.90; for the deposit from the furnace-walk 
tube, it is 1.27. As has been shown,?? the alkali metal ferric try 
sulphates are particularly sensitive to the presence of SOs, react 
ing readily with the gas at low temperatures, and evolving SO; a: 
high temperatures. At temperatures below about 600 F, rea 
tion with SO; occurs readily to form pyrosulphates; from 70 
1000 F, the compounds are relatively stable; while at tempera: 
tures above 1100 F, they are almost quantitatively decompose! 
into Na,SO, and K2SO,, Fe20; and SO;. It would appear, there 
fore, that the boiler-tube deposit contains a larger amount of 
because the temperature at which it is deposited is in the rane 
400-450 F. This would also explain why the deposit was h 
groscopic and rapidly became damp when exposed to the at# 
mosphere, and would indicate as well that it would be high 
corrosive. The lower pH of a solution of the boiler-tube depose} 
is additional evidence of the formation of pyrosulphates. Thy 
higher temperatures of 600-800 F, normal for furnace-wall tubes 
decrease the formation of pyrosulphates, and thus less SO; ; 
present in the deposit. 

It seems probable that the deposits described by the authdl ! 
should not be classed with those found in economizers or ai 
heaters, where the dew point of the gas undoubtedly plays an inal 
portant part. Rather, they should be considered as similar iif 
nature to those found on furnace-wall tubes, despite the differ 1 
ences in composition resulting from moderate changes in tem} 
perature. | 

The authors’ recommendations regarding modification of thi 
ASME Power Test Code method for analyzing flue gas fef 
SO, and SO; clear up some of the vexing points regarding thi 
difficult analysis. The recognition of copper as a major inter} 
fering element will simplify any further developments of the tes¥ 


\ 

12 “External Goncnion of Furnace-Wall Tubes—II. Significancé 
of Sulphate Deposits and Sulphur Trioxide in Corrosion Mechanism,,) 
by R. C. Corey, B. J. Cross, and W. T. Reid, Trans. ASME, vol. 61 
1945, pp. 289-302, 
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Although the proposed method is shown to yield more consistent 
results than the Test Code procedure, the necessity of using two 
absorption bottles for different total times of sampling as a check 
on the action of the inhibitor, indicates that further work on the 
analytical method will be necessary. Because the presence of 
3O; in flue gases plays such an important role in the formation 
of deposits and in causing corrosion, it is hoped that the authors 
will be able to carry on their researches in still further improv- 
‘ng this analytical procedure. 


AutTHors’ CLosuRE 


_ The authors wish to express their appreciation for the added 
Jvalue to the subject matter given by the discussions, 

The description of washing the tubes given by Mr. Griggs 
should be of interest to operators; his statement as to the 
umount of tube. corrosion adds important information. 

| Mr. Harlow mentions a number of conclusions reached from 
his long study of the general subject matter which is much appre- 
siated. His statement that ‘the sulphur trioxide .... is clearly 


” no doubt gives factors in the production of deposits and 
‘ormation of SO;. However, as the data show, a number of other 
factors were also at work. The superheat temperature of boiler 
No. 1 was only about 90 F higher than that of boiler No. 3; it 
‘vould appear that a greater difference of temperature would be 
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needed to produce substantial differences. Both of these super- 
heaters were not clean during the tests and neither had exposed 
‘heated oxidized iron.” 

The authors greatly appreciate the emphasis on the importance 
of phases of the work given by Mr. Karlsson. 

Mr. Reid’s question as to the severity of the corrosion of the 
deposits on the boiler tubes is covered in Mr. Griggs’ discussion. 
The comparison of these deposits to those found on furnace wall 
tubes is interesting and his explanation of chemical similarities 
and of possible mechanisms of formation is a valued contribu- 
tion. In regard to the required use of two absorption bottles in 
testing for SO: and SO; in flue gases, attention might be called to 
the fact that the use of the two bottles not only checks the in- 
hibitor but also gives a check reading which is usually desirable 
in test work. Until information is built up on many coals, the 
authors consider that two bottles should be used at the start in 
testing gases from any new coal. Having checked the inhibitor 
for that coal, only one bottle need be used for further tests. A 
new bottle of benzyl alcohol should also be checked by the use of 
two absorption bottles. Improvements in the test method will 
of course be made as found possible. 

Additional work has been done since this paper was written. 
In the study of deposits produced by another coal from a differ- 
ent coal-mining area, it was found that a hard-bonded layer de- 
posit was produced that apparently was cemented by boron 
phosphate which constituted more than 50 per cent of the layer. 
This find has broadened the scope of the study. 
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The author presents some of the results of a series of tests 
in which the principal phase of study concerned the tem- 
perature developed at the contacting surface of the tool 
and the chip. This tool-chip interface temperature is re- 
ferred to as the “‘cutting’”’ temperature. The determina- 
tion of the tool-chip interface temperature was by means 
of the Herbert-Gottwein tool-work thermocouple wherein 
the steel workpiece constituted one member of a thermo- 
couple and the cemented-carbide insert the other mem- 
ber. This principle has been used in the study of cutting 
temperatures, the investigation of friction between unlike 
etals, the study of surface temperatures of brass wire 
drawn through steel dies and for investigation of surface 
temperatures of mating gears of unlike metals. 


INTRODUCTION 


REVIOUS reports (1, 2, 3, 4)? on the application of the tool- 
Prox thermocouple to determine cutting temperatures have 
-_ been based largely upon the cutting of steel with high-speed- 
steel tools. The cutting speeds were restricted to that range 
within the capacity of high-speed steel and to cutting tempera- 
sures not in excess of 1000 F. pi 
This paper is based upon the cutting of steel with a suitable 
srade of cemented carbide, and on cutting temperatures in the 
pproximate range of 1100 to 1800 F. Another point of differ- 
mee lies in the fact that in previous tests both the workpiece and 
he tool were iron-base alloys of similar basic lattice structure—a 
ctor which may have significant effect upon the tendency of the 
hip to adhere to the tool. It is to be expected, therefore, that 
he results herein discussed may differ materially from those pre- 
iously reported. 


Trst ARRANGEMENT 


The test arrangement is illustrated in Fig. 1. The standard 
arbide tool has a hole drilled in the shank through which a rod of 
arbide, 3, insulated from the shank, is placed in contact with the 
arbide insert, 2, the assembly being electrically insulated from 
he tool post. Details of the tool tip are shown in Fig. 2. 

The brush, 4, insulated from the machine frame, was made 
om a section of the workpiece. Iron-wire leads, 5 and 6, with 
aitable connectors were attached to the potentiometer binding 
osts 7. The completed arrangement thus consisted of several 
aermocouples, namely, 1-2, 3-6, and 4-5. Couples 6-7 and 
-7 were of no consequence since any parasitic emf’s developed 
‘ould cancel one another. Since the lead wires were at constant 
mperature during any test, the reference junction was at 
suples 3-6 and 4-5, and the temperature at these points was 


1 Professor, Department of Mechanical Engineering, University 


‘Illinois. Mem. ASME. 
-2 Numbers in parentheses refer to the Bibliography at the end of 
le paper. ¢ 


Contributed by the Special Research Committee on Metal Cutting 
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Progress Report No. 1 on Tool-Chip 
Interface Temperatures 


By K. J. TRIGGER,! URBANA, ILL. 
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Fig. 1 Dracram or Test ARRANGEMENT 


2 DIA. CARBIDE 
INSULATED FROM 
STEEL SHANK 


CEMENTED CARBIDE 
INSERT 


Fic. 2 Dertatt or Toor Tip 


maintained essentially constant during any calibration or cutting 
test. 

No thermocouple existed at 2-3 since the carbide insert, con- 
tact rod, and calibration strip were made from the same batch of 
carbide mixture. Similarly, junction 1-4 was of no consequence 
since both metals in contact were from the same bar. 

Thus the hot junction of the thermocouple circuit was at 1-2, 
and the reference junction at 3-6 and 4-5. 

The validity of the operating principle of the tool-work thermo- 
couple may be affected by several factors: (a) The effect of chip 
force upon the tool face; (b) the electrical effect of chip deforma- 
tion; (c) the triboelectric effect due to friction of the steel rubbing 
on the carbide; (d) the temperature gradient at the contacting 
surface of the chip and the tool; and possibly by (e), the dis- 
similarity of temperature gradients during calibration, as com- 
pared with those during cutting. 

The effect of chip force was investigated by slowly forcing a 
carbide strip into a steel strip under a bearing stress of over 
100,000 psi. No electrical effect was observed at the poten- 
tiometer. The thermoelectric effect of chip deformation was in- 
vestigated by substituting a bar of the workpiece for the tool. 
When this bar and the workpiece were brought together under 
simulated cutting conditions, only a very slight (0.04 to 0.05 mv 
negative) emf was noted even though the bar was smeared on the 
workpiece by the rubbing action. When two pieces of chemically 
identical high-speed steel were substituted for the tool and work- 
piece, an indication of the same magnitude was observed. Since 
the local deformation was severe and, further, since the effect is 
within the limits of reproducibility and reading accuracy of the 
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potentiometer, it was concluded that any deviation introduced 
by chip deformation is inconsequential. The triboelectric effect 
was evaluated on a “‘Metalsorter,’’’ using a bar of the test stock 
and the carbide calibration bar as the two metals in contact. 
The observed deflection was 27 mm positive corresponding to 
0.03 my. It was concluded that the triboelectric effect was 
negligible and, in fact, tended to cancel any error introduced by 
chip deformation. Since the range of readings was 11 to 191/s 
mv during the cutting tests, it was apparent that these minor 
deviations were insignificant. 

Observations were made for the purpose of determining 
whether the tool surface and chip surface would attain a stable 
temperature. A strip of carbide 0.20 in. X 0.25 yin DX I! in. 
was ground as a tool bit on one end, insulated from a supporting 
steel] bar and used as a cutting tool. The millivolt reading was 
12.97 at the beginning of a test and virtually the same reading 
prevailed during a 45-sec duration of cut. It was concluded that 
the contact surface of the tool and chip reached, at least, a state 
of quasi-equilibrium almost immediately after a cutting test 
was started. Therefore it was assumed that the separating sur- 
face of the chip and the face of the tool reached essentially the 
same temperature during a cutting test. 

That the temperature gradients along the calibration strips 
during calibration were not the same as those during a cutting test 
seemed to be of no consequence in the light of the so-called “law 
of the homogeneous circuit,’ which states as a corollary, “if one 
junction of two dissimilar homogeneous materials is maintained 
at a temperature T, and the other junction at a temperature 72, 
the thermal emf developed is independent of the temperature 
gradient and distribution along the wires” (5). While steel and 
cemented carbide cannot be considered as homogeneous materials 
they may be thought of as being uniformly unhomogeneous and 
the law of the homogeneous circuit would apply. As a result of 
these preliminary investigations, it was concluded that the pos- 
sible errors were not of sufficient magnitude to outlaw the tool- 
work thermocouple as a means—perhaps the only means—of 
evaluating the temperature where tool failure is instigated. 

In considering the experimental results it must be remembered 
that the tool-work thermocouple consists, in reality, of a number 
of thermocouples in parallel so that the emf observed is an average 
emf of all points of contact (thermocouples) of the tool and the 
chip. Cutting temperatures so determined would represent an 
average temperature at the tool-chip interface. 


CALIBRATION PROCEDURE 


The general calibration arrangement is shown in Fig. 3 and 
details in Fig, 4. 

The steel member was prepared from a portion of the workpiece 
and had a rounded end so as to provide line contact with the 
carbide calibration strip. A '/;-in. hole was drilled within 
0.010 in. of the contact area for the reference chromel-alumel 
thermocouple? Contact between the carbide and steel was main- 
tained by means of a small clamp and blocks of ceramic insula- 
tion. 

The assembly was placed in an electric furnace through a hole 
in the door so that the opening could be packed with asbestos 
yarn and alundum cement. The cold ends of both steel and 
carbide members projected about 2 in. beyond the door so that 
cooling water could be applied to keep the cold junction at the 
desired reference temperature. The lead wires connecting 
the cold junction to the potentiometer were the pair used in the 
cutting tests. 

During the calibration, a protective furnace atmosphere of 
nitrogen gas was used for temperatures above 350 F to prevent 
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Fig. 4 Derait of CALIBRATION THERMOCOUPLE 


oxidation or decarburization. The cold-junction temperatus 
was kept constant by cooling water, the temperature of whici 
was the same as that prevailing at the potentiometer bindim 
posts. Thus each calibration curve had a reference temperatul 
to which all results from the cutting tests were corrected. 

After establishing uniformity of temperature, simultaneou 
readings of reference thermocouple temperatures and tool-wor 
thermocouple millivolts were taken in following increment} 
5-deg F intervals to 100 F; 50-deg F intervals from 600 to 126 
F; 25-deg F intervals during the allotropic transformation 
the steel, and 50-deg F intervals to the maximum temperatua 
attained during a particular calibration. A typical calibrati44 
curve is shown in Fig. 5. It may be noted that the temperatur 
millivolt relationships are straight lines in the ranges show? 
The change of slope at 1400 F is evidence of the allotropic chang 
in the steel either as it affects the thermocouple proper or ass 
causes variation in the structure along the steel member. <A fed 
points were checked on cooling to determine whether any & 
carburization had occurred in the steel at the contact poim 
Generally, the points were found to be on the curve though | 
some calibrations the points were slightly higher than the corr} 
sponding ones obtained during heating. 

In applying the calibration curve for cutting temperatures 
extended portion of the curve was used, since by the time 15 sq 
was indicated the cutting speeds were such that there was sal 
sufficient time for the allotropic transformation to occur whi 
the chip was in contact with the tool. A metallographic eq 
amination of the separating surface of the chip revealed the san} 
type of structure as that in the annealed bar. Thus it was co: 
cluded that transformation did not occur, and the extended pa 


tion of the curve in Fig. 5 was used for temperatures in excess :} 
1400 F. 

Numerous calibration tests were conducted with the sted! 
member of the tool-work thermocouples in various condita 
such as mill-annealed, normalized, heat-treated to 300 Bhn, aul 
cold-worked to 50 per cent cross section. The temperatury 
millivolt relationships were affected very little (less than 0.10 my 
by changes in the steel member, probably because the same tn 
phases, ferrite and carbide, existed in the steel and were altert 
only in their distribution. Thus the same calibration cu 
was used for all conditions of a particular steel and althouyr 
slight errors may have resulted, these were considered to I 
negligible. 
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Test PROCEDURE . 


|. Tests were conducted on a 16-in. X 54-in. lathe, equipped 
m with & eae, motor and having 27 Zee in the range of 18 to 


est. Except for one negative-rake test, the tool shape was held 
constant with specifications as follows: Back rake, 0 deg; side 


edge angle, 8 deg; side cutting-edge angle, 0 deg; and nose radius, 
3/e,in. All tests were conducted without coolant. 
_ Tool preparation was made on 120-grit and 320-grit diamond 
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Surface speeds were measured with a calibrated Metron type 
25B indicator having ranges of 0-200, 0-400, and 0-1000 fpm. 

During a test the chip was kept from coming in contact with 
any part of the lathe to avoid grounding the thermocouple. All 
tests were of 12- to 15-sec duration. 

Workpiece materials consisted of NE9445 mill-annealed and 
as heat-treated to 401 and 311 Bhn; NE8640 mill-annealed; 
and sulphite-treated NE 8640, mill-annealed. The test logs were 
from 4 to 6 in. diam and 2 ft long. The compositions and physi- 
cal properties are shown in Tables 1 and 2, respectively. 


REsULTs oF TESTS 


In this report the effects of the different variables are com- 
pared by noting the cutting speed which results in a selected 
cutting temperature. A number of factors affect the elevated 
temperature hardness (hot hardness) of cemented carbides, the 
principal ones being the grain size, the type of carbide, and the 
amount of cobalt binder. 

W. Dawihl (6) reports the conical indentation hardness of a 


steel-cutting grade of cemented carbide as being 1170 keV/, mm? 
at 1290 F, whereas hardened high-speed steel was reported as 
1230 keV mm? at room temperature. Thus it appears that this 
particular carbide could be used above 1290 F and still be of ade- 
quate hardness for metal-cutting purposes. 

E. W. Engle (7) presents curves of Rockwell A hardness values 
for cemented carbides at elevated temperatures. For the car- 
bide composition used in these tests, interpolation of Engle’s 
curves gives a hardness of 80 Ra at 13800 F, 79 Ra at 1350 F, 
and 77 Ra at 1400 F. The respective R. equivalent hardnesses 
are 58, 56, and 52. 

An R, of 56 to 58 is generally considered as a satisfactory 
hot hardness for metal cutting. At temperatures above 1350 F, 
the hardness decreases quite rapidly, and on this basis 1350 
F was tentatively selected as the highest cutting temperature for 
economical tool life. The cutting speed which resulted in a 
cutting temperature of 13850 F was denoted as the “permissible” 
cutting speed. 

The results of the cutting speed-cutting temperature tests with 
the different variables are shown in Tables 8 to 7, inclusive, and 


TABLE 1 CHEMICAL COMPOSITION AND MICROSTRUCTURE OF STEELS USED IN TEST 
i Grain 
Steel Heat no. Cc Mn Phos s Si Ni Cr Mo size 
INDO 445 tas cicbe o 20 KDP . 0.48 1.18 0.023 0.025 0.49 0.42 0.43 0.11 Fine 
fal! INES640) ees atccaws X839 0.43 0.82 0.020 0.028 0.32 0.51 0.46 0.19 Fine 
NE8640 lphite- ; 
2S apie X838° 0:43 0.82 0.020 0.049 0.32°> 0.51 0.46 0.19 Fine 
: ! Steel Heat no Microstructure 
Mt IN 0445 oss puniessss KDP Fine spheroidized with some lamellar pearlite 
hie INISG4O Tear h s creche X839 Approximately 40 per cent lamellar pearlite; balance spheroidized 
NE8640 _ sulphite- 
he ALOAVEO scree sce ets X838 Approximately 60 per cent lamellar pearlite; balance spheroidized 


TABLE 2 PHYSICAL PROPERTIES OF WORK MATERIALS 


iad | (0.505-in. X 2-in. test specimen) 
TRANSVERSE SECTION 


q Yield 
t strength, 3 
ii psi (drop- Ultimate Elonestion Reduction 
of-beam strength, in 2i in area, 
pt Steel method) psi per sent per cent Bhn 
ff) 40700 90075 24.5 36.6 183 
| 6: De 38750 85450 20.0 22.5 178 
(640 sulphite- ; 
treated...... 38900 83250 15.5 16.3 174 
LONGITUDINAL SECTION 
VH9445....... 42500 89750 27% 52.3 183 
{9443 Ba senate 136500 152700 17 46.9 311¢ 
7H9445....... 178000 192600 11 35.8 4012 


@ Quenched in oil from 1550 F, tempered 5 hr at 850 F and 1050 F for 401 
nd 311 Bhn. respectively. 


the relationships are plotted on logarithmic co-ordinates in Figs. 
6, 7, 9, and 10. 


VARIABLE DEPTH OF CUT 


Figs. 6 and 7 show the relation of cutting speed to cutting tem- 
perature as the depth of cut was increased from 0.050 in. to 0.150 
in. at a constant feed of 0.01 in. per revolution. 

The cutting temperature - cutting speed relationships are 
straight lines on logarithmic co-ordinates, indicating that the 
cutting temperature is a power function of the cutting speed in 
accord with the general equation 7 = CV”, wherein T is the 
cutting temperature, deg F; Ca constant; V the cutting speed, 
sfpm, and 7 the exponent. 
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TABLE 3 CUTTING SPEED-CUTTING TEMPERATURE RESULTS 


Variable depth of put 
Steel: NE9445 anneale n 
Tool: Grade 78B carbide. 0-4-7-7-8-0-3/64 
Feed: 0.01 in. per revolution. on oars a 
h of cut 0.050 in, — epth of cut 0. ———— 
Soa anion vempetaturel 77¥F Cold-junction temperature, 75 F 


SUN ah ee 
i tempera- utting - 
eae Corrected ture, speed, Corrected bure., 
sfpm_ mv* deg F sfpm mv* Ape 
1 11,04 1003 1121/2 12.34 1 

oie 12,24 1110 134 12.80 ae 
134 12.33 1127 156 13.24 sores 
157 12.78 1173 1801/2 13.70 1 ee 
182 13.21 1218 213 14.19 13 5 
214 13.69 1261 254 14.62 135 
256 14.16 1307 293 15.05 1392 
293 14.69 1357 348 15.57 1442 
339 15.15 1400 408 16.12 1496 
351 15.23 1410 471 16.62 1543 
413 15.75 1460 529 17.01 1582 
475 16.19 1503 561 17.27 1607 
544 16.74 1555 652 17.82 1660 
645 17.29 1609 748 18.42 1718 
658 17,49 1628 ee ial may 
760 18.02 1680 


* Millivolt readings corrected to calibration reference junction tempera- 
ture. 


TABLE 5 CUTTING SPEED - CUTTING TEMPERATURE 
RESULTS 


Variable back-rake angle 


Steel: NE9445 annealed 183 Bhn 
Tool: Grade 78B eae PIR ie oN Cpe 
Feed: 0.01 in. per revolution. epth of cut: 0. in, ut: Dr 

. ee ——Toolshape: Neg. 2° 20'-4-7-7-— 


-—-Tool shape: 0-4-7-7-8-0-3/64— " _ 8-0-3/64 

Cold-junction temperature, 77 F Cold-junction temperature, 78 F 

Cutting Cutting 
Cutting tempera- Cutting tempera- 
speed, Corrected, ture speed, Corrected ture, 
sfpm mv ' deg F sfpm mv deg F 
130 12.91 1184 124 12.81 1175 
137 13.12 1206 146 13.39 1233 
151 13.44 1235 169 13.83 iDiges: 
175 13.89 1279 188 14.17 1307 
2061/2 14.31 1321 197 14.38 1328 
237 14.65 1354 236 14,90 1377 
245 14.89 1377 273 UREYE 1442 
284 15.34 1420 323 16.16 1498 
335 15.88 1471 378 16.57 1540 
394 16.36 1516 415 17.02 1583 
455 16.75 1555 437 17.10 1592 
520 17.38 1618 490 aay) 1651 
540 17.50 1626 515 Elbo 1655 
600 17.93 1673 575 18.32 1710 
626 18.11 1686 595 18.37 1715 
685 18.43 1721 HOG eats 
715 18.70 1745 Bore 


TABLE 7 CUTTING SPEED - CUTTING TEMPERATURE 
RESULTS 


Variable steel 


Tool: Grade 78B carbide. 0-4-7-7-8-0-3/64 
Feed: 0.01 in. per revolution. Depth of cut: 0.100 in. Cut: Dry 
Steel: NE8640 sulphite-treated— -—-NE8640 annealed 178 Bhn— 
_ annealed 174 Bhn | 
Cold-junction temperature, 84F Cold-junction temperature, 78 F 
: Cutting utting 
Cutting tempera- Cutting tempera- 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 
117 13.21 11i2 1281/2 13.45 1160 
136 13.69 1156 153 14.03 1215 
163 14.31 1213 181 14,53 1265 
188 14.73 1251 208 15.00 1307 
220 15.10 1285 256 15.41 1345 
261 15.64 1335 289 15.98 1400 
304 16.22 1386 334 16.42 1441 
353 VGrod 1418 395 17.00 1498 
415 ives, 1475 460 17.50 1545. 
[ 485 Rico. 1525 530 18.03 1598 
The equation of the lines are as follows: 
Depth Equation 
0.050 in. T = 366 Vo.28 
0.075 in. T = 402 Vo.219 
0.100 in. T = 416 V°.217 
0.125 in. T = 42] Vo.216 
0.150 in. T = 421 0.216 


There is a slight decrease in the slope of the line as the depth of 
cut is increased above 0.050 in., although the effect is slight at 
depths in excess of 0.075 in. Very likely an important factor 
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TTING SPEED - CUTTING TEMPERATURE 
TABLE4 CU RESULTS 


Variable depth of cut 


Steel: NE9445 annealed 183 Bhn 
Tool: Grade 78B carbide. 0-4-7-7-8-0-3/64 
Feed: 0.01 in. per revolution. Cut: Dry ; 
— Depth of cut, 0,125 in. Depth of cut, 0.150 in = 
Cold-junction temperature, 80 F Cold-junction temperature, 75 P 


Cutting . Cutting» 

Cutting tempera- Cutting : tempera- 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 

12 12.69 1163 112 12.74 1168 
198 13.12 1205 133 13.20 1213 
1331/2 13.20 1213 155 13.72 1263: 
152 13.52 1244 164 TST 1267 
155 13.66 1257 180 14.05 « 1296 ' 
177 13.98 1288 212 14.42 1332 
180 14.04 1295 252 14.93 1881 | 
211 14.40 1329 291 15.31 1417 
242 14,82 1368 344 15.91 1475 4 
251 14.90 1378 404 16.44 1527 
287 15:24 1410 466 17.04 1585 
334 15.47 1451 548 17.69 1648 ° 
395 16.42 1524 624 . 18.16 1695 
464 16.90 1572 663 18.27 1705 
535 17.47 1625 768 19.05 1778 
630 TEST 1675 oer ag arte 
717 18.67 1744 oteee tee Pa, 
732 18.80 1756 oss aoa saat 
835 19.41 1816 

TABLE 6 CUTTING SPEED-CUTTING TEMPERATURE 
RESULTS 
Variable hardness 
Steel: NE9445, quenched and tempered 
Tool: Grade 78B carbide, 0-4-7-7-8-0-3/64 


Depth of cut: 0.100in. Cut: Dry 


Feed: 0.01 in. per revolution. 
-—Quenched and tempered at 850 


-—Quenched and tempered at 1050—~ 


F to 311 Bhn F to 401 Bhn 

Cold-junetion temperature, 77 F Cold-junction temperature, 78 F4 

Cutting utting 

Cutting tempera- Cutting tempera-. 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 
61 IBD AT 1116 43 12.56 1151 
ak Looe 1144 511/2 13.16 1209 
84 12.93 1187 61 3.59 1250 
981/> 13.28 1222 71 14.09 1300 
1131/2 13.62 1253 85 14.42 1331 
136 14.01 1292 99 14.80 1368 
161 14.51 1340 115 1517 1403 
183 14.87 1375 137, 15.63 1448 
220 15.45 1430 162 16.02 1487 
256 15.87 1472 186 16.37 1520 
296 16.28 1511 221 17.07 1588 
351 16.90 1572 ee : ane. 


would constitute, in effect, a change in the setting angle of 
tool. - | 
The dotted portion of the line for 0.050 in. depth of eut ind 
cates the result of an excessive built-up edge on the tool. Te 
effect of the built-up edge is to remove some of the many pa: 
leled thermocouples from the separating surface and thus to lowe 
the indicated emf. The separating surface of the chip is bad 
torn whenever the built-up edge is significant, which in the pre 
sent series of tests, existed only at the lowest speed for the lightee 
(0.050-in.) cut. | 
Figs. 6 and 7 show that with cutting speed and feed held cow | 
stant, the cutting temperature increases with increase in dept : 
of cut up to 0.100 in., beyond which there is no appreciable rise ; 
cutting temperature as the depth of cut is increased to 0.150 in. | | 
Results for the 0.125-in. and 0.150-in. depths are plotted as | 
single line in Fig. 7. In fact, one half of the points for the 0.100} 
in. depth plotted in Fig. 6 could be placed on the line in Fig. || 
It could be concluded that under the conditions of the test, i 
cutting temperature is independent of the depth of cut, at lea) 
in the range from 0.100 in. to 0.150 in., and very probably beyors 
this limit. This is shown in Fig. 8. 


Permissible cutting speeds for the different depths of cut a 
as follows: 
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CUTTING SPEED S.F.P.M. 
Fie. 7 Currine Spemep Versus Cutting TEMPERATURE 
Depth Cutting speed, sfpm 0.100 in. to the maximum value reported will result in very little, 
0.050 293 if any, increase in the rate of tool failure. As a consequence, 
Bens ane more metal may be removed between grinds. 
0.125 922 In a paper (8) which included the effect of variable depth of 
0.150 222 cut at constant feed when turning annealed SAE 3140 with high- 


ifthe cutting temperature is considered as the criterion for tool 
», the indications are that increasing the depth of cut from 


speed-steel tools, Messrs. Boston, Gilbert, and Colwell observed 
that, with a nose radius of °/¢, in., increasing the depth of cut 
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beyond 0.100 in. at a feed of 0.0125 in. per revolution had com- 
paratively little effect on the tool life. To quote from this re- 
port: ‘This indicates that when the depth of ‘cut exceeds eight 
times the feed (i.e., 0.100 in.), a further increase in.depth will not 
reduce the tool life to any great extent—indicating that the in- 
creased depth beyond 0.100 in. has little effect upon the cutting 
speed (for a given tool life) and, therefore, is a desirable propor- 
tion of cut.” 

The excellent agreement of the cattinetemipers tice tests with 
the tool-life tests by Boston, Gilbert, and Colwell suggests that 
the respective results are a manifestation of the same factor, 
namely, that once the depth of cut is significantly greater than 
the nose radius, the heat concentration per unit length of cutting 
edge is virtually constant, and therefore the cutting tempera- 
ture and tool life are relatively unaffected by the depth of cut. 


VARIABLE Back-RAakk ANGLE 


Table 5 and Fig. 9 show the effect of a negative back-rake angle 
of 2 deg, 20 min, when cutting annealed 9445 steel at 0.100-in. 
depth of cut, and 0.01-in per revolution feed. 

The introduction of a negative back-rake angle increases the 
cutting temperature for a given cutting speed, and also increases 
the slope of the cutting speed - cutting temperature curve. This 
indicates that the rate of temperature rise becomes greater with 
an increase in cutting speed. The negative rake angle has a 
minor influence at the low range of speeds where the two lines 
converge, but the effect is pronounced at higher cutting speeds. 
For example, the difference in cutting temperature is 15 deg F at 
200 fpm and slightly over 50 deg F at 500 fpm. The permissible 
cutting speeds are 227 sfpm and 213 sfpm for 0 back-rake and 
negative 2 deg 20 min back-rake, respectively. It is to be ex- 
pected that greater negative back-rake angles would result in 
further increase in both the cutting temperature for a chosen 
cutting speed, and the slope of the cutting speed-cutting tempera- 
ture curve. Operational difficulty was encountered in the 
negative rake tests, particularly at low speed, since the chip 
curled back in contact with the workpiece and interfered with 
the tool-work thermocouple circuit. Hence the present report 
contains the results of only one: negative-rake test although 
further work on rake angles is contemplated. 


VARIABLE BRINELL HARDNESS 


Tables 5 and 6, and Fig. 10 show the effect of variable hard- 


TABLE 8 CHIP-THICKNESS DATA : | 


Permissible At 
cutting ermissible 
Hardness, speed, y outage 
Bhn sfpm Per cent speed 
183 227 100 0.035 
311 164 72,2 0.023 
401 92 40.5 0.020 
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ness upon the cutting speed - cutting temperature relationships of 
NE9445 steel at a depth of cut of 0.100 in. and feed of 0.01 in. 
per revolution. 

Comparison of the curves for the steel, as annealed to 183 Bhn, 
and as quenched and tempered to 311 and 401 Bhn, reveals « 
pronounced effect of an increase in hardness upon the cutting 
temperature for a selected cutting speed. 

The increment of temperature rise is much less for an increase 
from 183 to 311 Bhn than it is for the smaller increase from 311 te 
401 Bhn, when compared at 150 sfpm, for example. The per» 
missible cutting speeds are 227, 164, and 92 sfpm, for hardnesses 
of 183, 311, and 401 Bhn, respectively. Evidently the cutting 
speed must be reduced in somewhat other than a linear relation~ 
ship as the Brinell hardness is increased. Cutting speed- cutting: 
temperature equations for the quenched and tempered steels. 
are T = 498 V1% and 7 = 592 V°-182 for 311 and 401 Bhn, re-: 
spectively. 

During these cutting tests a few measurements of chip thick-. 
ness were made with micrometers. While no complete program) 
was followed in this respect, the brief data on the variation of! 
chip thickness with (a) hardness of the steel, and with (6) the: 
cutting speed, may shed some light on the behavior of the cutting: 
speed-cutting temperature relationship. Table 8 shows the chip? 
thickness at the different hardness levels and for several cutting? 
speeds. 

It may be noted that, at constant cutting speed, the chip thick- 
ness decreases as the hardness is increased, and also that the chi al 
thickness decreases as the cutting speed is increased, up to a! 
limit, with other factors remaining constant. 

The variation of the chip thickness at the permissible cuttings 
speed, where any temperature effect on the mechanism of shear; 
presumably is minimized, indicates that, as the hardness is in- 
creased, the cutting action is concentrated on less area of theg 
tool: As a consequence, higher cutting temperatures result. ; 

If the chip thickness is compared at a fixed cutting speed, for 
example, 135 fpm, so that the rate of chip removal is constant. 
it may be noted that the decrease in chip thickness parallels thet 
decrease in permissible cutting speed as the hardness is increased | 

The foregoing remarks on chip thickness are based on com 
paratively few observations and point to a field of future study 
with the same steel over additional hardness ranges. 


VARIABLE STEEL 


NE8640 annealed and sulphite-treated NE8640 annealed wen 
cut at 0.100-in. depth of cut and 0.01-in per revolution feed¥ 
The cutting temperatures for the 8640 steels were obtained from} 
appropriate calibration curves. The results are shown in Fied 
10 together with those of the annealed and heat-treated NE944! 
steel. 

A comparison of the annealed 9445 and 8640 reveals that the} 
latter may be cut at somewhat higher speeds for the same cutting} } 
temperature. The permissible speeds are 227 and 246 sfpm fo 
the 9445 and 8640, respectively. Considering the .difference i in} 
the carbon content, the hardness, and the ductility of the twe 
steels, the moderate increase in cutting speed is of the expected} 
mined 

Sulphite-treated NE8640 may be cut at 273 sfpm for 1350 
cutting temperature. The chemical composition differs from chil 


Chip thickness, in. 


At 135 At 220 
Per cent sfpm Per cent sfpm Per cent 
100 0.042 100 0.035 100 
65.7 0.026 61.8 0.021 60 
57.0 0.017 40.5 0.015 42.8 
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Fie. 10 Currine SPEED VERSUS CuTTING TEMPERATURE 


E8640 only in the sulphur content, but the major point of they note that “the sulphur dioxide is added to the steel by 
jifference was considered to be the method of sulphur addition. means of the decomposition of an anhydrous sulphite principally 
ta a paper before the AIME, Ramsey and Graper (9) dis- sodiumsulphite or sodium bisulphite. In general, sulphites upon 
assed the function of sulphite compounds as a means of sul- _ being heated decompose easily into sulphur dioxide and the oxide 
{hurizing steels for prevention of hot shortness and for improve- of the metal (sodium). The addition of sodium sulphite to mol- 
j,ent of the machinabilitys ten metal causes a vigorous reaction, liberating sodium dioxide 
Commenting on the particular action of sulphite compounds, which is taken up by the metal, and sodium oxide which is a 
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strong base and reacts readily with the oxides of the deoxidation 
reactions, forming a fluid slag which rises to the top of the steel.” 
They report further that the slag analysis of sulphite-treated 
steels revealed that large amounts of refractory inclusions had 
been washed from the steel. It was claimed that the removal 
of the abrasive inclusions and more uniform distribution of the 
sulphide compounds would give improved machinability from 
the standpoint of cutting speed, accuracy, finish, and tool life. 

Within the limits of these tests the improvement in the ma- 
chinability attributable to the sulphite treatment supports the 
contention of Ramsey and Graper. 

A very common measure of machinability is the tool life be- 
tween grinds and, since a principal reason for tool failure is soften- 
ing of the cutting surface due to high local temperatures at the 
tool-chip interface, it is logical to rate the machinability of a 
steel by comparing the cutting speed which causes a permissible 
maximum cutting temperature. 


TABLE 9 *sUMM ARY OF 


Back-rake Depth of 
Steel Bhn angle, cut, in. 
NE9445........ 183 0 0.050 
INB9445\o 05 ae ce 183 0 0.075 
NB9445 i. dee 183 0 0.100 
NE9445........ 183 0 0.125 
NE9445........ 183 0 0.150 
NE9445........ 183 —2° 20’ 0.100 
NE9445........ 311 0 0.100 
NE9445...4.... 401 0 0.100 
NE8640........ 178 0 0.100 
NE8640, sulphite- 
treated....... 174 0 0.100 


Table 9 which is a summary of Figs. 6, 7, 9, and 10, shows the 
permissible cutting speeds for all conditions of these tests. For 
those tests at 0.100 in. depth of cut and constant tool shape, the 
relative machinability is listed, and it is based on the permissible 
cutting speed with the annealed NE9445 serving as the datum. 


CONCLUSIONS 


1 Within the range of this investigation the cutting tempera- 
ture is a power function of the cutting speed in accord with the 
general equation 7 = CV". 

2 Ata feed of 0.01 in. per revolution and with other factors 
constant, the cutting temperature increases with increase in depth 
of cut up to 0.100-in. depth and is relatively unaffected as the 
depth is increased to 0.150 in. 

3 A change in the back-rake angle from 0 deg to negative 2 
deg 20 min increases the cutting temperature at any but low 
speed ranges, and increases the rate at which the temperature 
rises with increased cutting speed. It is expected that greater 
negative rake angles would cause further increase in the cutting 
temperature, as well as increase the slope of the cutting speed- 
cutting temperature curve. ’ 

4 An increase in the Brinell hardness results in higher cutting 
temperatures and the increment of cutting temperature becomes 
greater as the hardness is increased. 

5 As the hardness of the steel is increased, the chip thickness 


TRANSACTIONS OF THE ASME 


EXPERIMENTAL DATA AND RESULTS 


; 
FEBRUARY, ‘a 


concentrating the heat on a smaller area of the cutting tool an 
causing more rapid tool failure. 
6 The sulphite-treated NE8640 may be machined at higher 
speeds than regular NE8640 for the same cutting temperature. | 
7 ‘The relative machinability of steels may be rated by thes 


cutting speed necessary to develop a permissible cutting tem 
| 


decreases for constant cutting speed, feed, and depth of cut, an 


perature. 


ACKNOWLEDGMENTS 


The author herewith expresses his appreciation to the Car 
boloy Company, Inc., which supplied the cemented-carbice 
tools and calibration hire and to the Wisconsin Steel Compa 
which supplied the NE8640 steels used in these tests. 

Acknowledgment is also made to Mr. T. 8. Chang and Mr. w 
H. Chen, graduate students at the University of Illinois, fe 
their valuable help during the investigation. 


Cutting speed- Permissible Relative 
eutting cutting machina- 

temperature speed, bility, 
equation sfpm per cent 

T = 366 V2 293 * 

T = 402 Vo-219 253 oak 

T = 416 Vo.217 227 100 

T = 421 V.0216 222 e 

T = 421 Vo.216 222 

T = 378 V%237 213 rst 

T = 498 0.196 164 72.2 

T = 592 Vo-182 92 40.5 

T = 397 V%222 246 108.3 

T = 388 V0-222 273 120.2 
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The Role of Meehanite Metal Castings in 


Engineering Production 


By C. R. AUSTIN,! NEW ROCHELLE, N. Y. 


_ The application of iron castings in engineering produc- 
jion covers an extremely wide field which was extended 
a during the war years. Steel foundries and forging 
shops were heavily loaded, and it became necessary for the 
lesign engineer to seek other facilities, and other engi- 
1eering materials. Im the process, the engineer soon 
arned that cast irons were available which would replace 
‘ven with advantage many of the engineering parts which 
1ad formerly been specified in fabricated steel or other 
materials. The engineering facts concerning high- 
trength cast irons, their production techniques, and 
xamples of important applications are treated in this 
aper. 


NGINEERING production is always concerned with design 
and with selection of materials most suitable for the service 
required. The problem of design must be based on known 

nd established physical and mechanical properties of the partic- 

lar material selected, and it is for this reason that, in the past, 
ae design engineer has tended to look toward fabricated-steel 

arts rather than to cast iron for his base material. This was a 

‘ise decision despite the decidedly unfavorable immediate eco- 

mic aspect of the selection. 

( For fabricated parts the metal is first poured into ingot form 

ad then, by various procedures, such as cogging, rolling, and 

‘\rop forging or pressing, made to acquire a shape approximating 

‘hore or less the form of the design part. This is followed by 

| achining operations which permit removal of much material 


jven undesirable. 
In cast-iron parts the problem is totally different. Whether it 
either ordinary founding in sand molds, or die casting as 


sting configuration is immediately possible, and by the use of 
nventional cores hollow sections constitute normal everyday 
dry performance. 

| Thus the foundry has available techniques which will furnish 
“ie engineer the form of an engineering part directly in accordancé 
|th his proposed design. Until recent years, however, this fact 
ne did not answer completely the first part of his requirement, 
smely, a prescribed shape, since the requirement also implied 
e uniformity of metal density and property irrespective of 


|s afforded a solution which will be discussed in the present paper. 
Once casting solidity and uniformity of properties over widely 
fering sections have been established, engineering production 
| still concerned with the basic engineering properties of the 
|stal and with the assurance that these properties can be main- 
ned in normal engineering production of castings. 


 Meehanite Metal Corporation. 

 \Sontributed by the Metals Engineering Division and presented at 
: Fall Meeting, Boston, Mass., Sept. 30-Oct. 2, 1946, of Tur 
(RICAN Society oF MECHANICAL ENGINEERS. 

NJors: Statements and opinions advanced in papers are to be 
derstood as individual expressions of their authors and not those 
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Therefore it will be a further purpose of this paper to submit 
data on various engineering properties of the irons and to illus- 
trate the utilization of such irons in many service applications. 

Since the author of this paper is naturally familiar with engi- 
neering applications of Meehanite iron castings and since a large 
amount of engineering data and casting records are now available, 
the illustrations for the production engineer must be drawn largely 
from modern developments and applications of Meehanite iron 
castings. 

It has already been pointed out that what may ve termed 
“engineered castings’ depend for their successful service applica- 
tion, not on any one fact alone. For production engineering it is 
important to consider many aspects of the subject. Among these 
the following are of major importance: 


1 The selection of the proper iron in relation to casting sec- 
tion and to mechanical properties demanded. 

2 The basic engineering properties of the irons in relation to 
service demanded. 

3 The manner in which these specific properties can be uti- 
lized in designed castings. 


These sections will be discussed in the order listed. 


SELECTION OF IRON IN RELATION TO CASTING SECTIONS 


At first sight this problem might be considered of little impor- 
tance to the production engineer but since he usually has the very 
important duty of specifying the metal to be employed in his 
product it behooves him to give some attention to this matter. 

In nonferrous metals he is concerned merely with the chemis- 
try of the alloy and, consequently, specifies an alloy of given 
analysis with known and readily defined properties having little 
relation to casting section. 

With cast irons the problem is a profoundly different one 
since the following two important factors must consistently be 
borne in mind: 


1 The structure and properties of iron depend on the rate of 
cooling during solidification and hence on the section of the 
casting and its location in the sand mold into which the metal is 
to be poured. 

2 The outer peripheral parts of heavier iron castings are 
ordinarily more dense than the inner parts where solidification 
takes place more slowly. Indeed, it is common experience to find 
the interior of heavy gray-iron castings exhibiting a porous open 
structure and having such low density compared to the exterior 
parts that there is a very great decrease in hardness and tensile 
strength of the iron. 


These facts have been thoroughly recognized and brief reference 
to Meehanite practice, whereby control of both these variables 
can be effected, is needed in order that the engineer may have 
some notion of its importance in specifications. 

Structure in Relation to Casting Dimensions. Two totally differ- 
ent cast irons, gray and white, are easily recognized by the engi- 
neer. The properties of the former are indicated by low hard- 
ness and easy machinability, and the structure consists of flake 
graphite distributed in a matrix of pearlite and free ferrite. The 
properties of the latter are indicated by high hardness, brittle- 
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ness, and nonmachinability, and the structure consists of massive 
free carbides or cementite and pearlite. 

Fortunately for the user of gray-iron castings, some control 
of the “grayness” and hence the properties of the iron are 
available by what may be termed balancing the analysis of the 
irons. Thus in thin sections, which are prone to yield brittle 
white irons by virtue of rapid cooling, an increase in silicon con- 
tent is made to assure a gray fracture despite high cooling rate. 
This procedure, however, has a deleterious reaction on the struc- 

ture of heavy sections which solidify with a coarse open or porous 
structure. 

It is control of the nature of the matrix nee with solidity 
penetration which is so vital to the engineer demanding both 
constancy of properties and essential uniformity of properties in- 
dependent of section. The lack of foundry control has clearly 
been the cause of the vagaries in the properties of cast iron which 
resulted in the design engineer looking elsewhere for his materials 
of construction. 

As a result of much carefully planned and extensive develop- 
ment research, it is possible to control the structure of irons inde- 
pendent of casting dimensions, without profoundly changing the 
silicon content. One method of control is effective because of 
what has been termed a two-step process:? 

Step (1) consists in computing and suitably preparing a charge 
of iron and steel which can be melted to a liquid constitution® 


2 Letters Patent 2,371,654. 

3 The term ‘‘constitution’’ must not be confused with composition 
or chemical analysis. Constitution connotes the behavior of the 
iron in changing from the liquid to the solid state, in terms of the 
nature and distribution of the structural components and their effect 
on the physical and mechanical properties of the iron. Its meas- 
ure affords an accurate method of control of casting production as 
outlined in Patent No. 2,371,654. 


Fie. 1 


TYPICAL 
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having direct relation in terms of carbide balance to the amoum 
of primary carbide formed in the solidified casting. 

Step (2) is concerned with the controlled decomposition of the 
primary cementite so as to insure a metal matrix consisting wholly 
of pearlite with absence of free cementite or free ferrite. Further 
more, control in size and distribution of the graphite is effectec 
so that in the higher engineering type of irons the cast structure 
may be likened to that of a normalized tool steel in which is uni 
formly distributed fine and short flake graphite. 

Fig. 1 shows a typical structure of such an iron havin e 
optimum mechanical property characteristics. 

Solidity Penetration. Having established the means of control 
ling structure and hence of controlling mechanical characteris: 
tics, it became necessary to control structure in terms of casting» 
dimensions. By this practice it was discovered that there is » 
direct relation between the “constitution” of the iron and tha 
thickness of the section of the casting to be made, and that it waa 
possible to establish a ratio between what have been termed tha 
constitutional and process wedge values in each casting whie!) 
will insure uniformly dense sections and predetermined engi 
neering properties. 

This is of vital significance to engineering production, and ij 
must be recognized if the engineer is to be able to make best use 
of the materials now at his disposal. A few examples should aid 
in stressing its importance. 

By correlating the constitution of the iron with the section t¢ 
be cast, essentially uniform hardness may be assured from cente 
to surface.. This fact is demonstrated by factual data, submittee 
in Fig. 2, which were taken on a 45,000-psi tensile iron, cast in th! 
form of a 12-in. square block, sectioned transversely through th 
center. The engineer is generally familiar with the open and 
relatively porous character of the structure obtained toward th 
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Fie. 2 Harpness DETERMINATION ON A 12-IN. BLocK oF A 45,000- 
1 Pst Iron 


60,000 | 


50,000 


40,000 


30,000 


Tensile Strength 


20,000 


Casting Section 


1a. 3 Trnsite StrencTH Versus Castine Section or 50,000- 
Pst Iron 


center of such a cast block when proper control of the iron is not 
assured. ; 

An examination of the tensile strength in relation to’casting 
section also serves well to demonstrate the importance of mass 
influence. In an uncontrolled iron cast in sections varying from 
1 in. to several inches, a tensile-casting section relation may 
xhibit a marked drop in tensile strength as the section of casting 
is progressively increased. By controlling the foundry practice 
as already outlined the relation becomes similar to that portrayed 
infFig. 3. 

| Jn order to insure these property controls, foundry technique 
and control of the highest order are absolutely necessary, and it is 
clearly the duty of the casting producer constantly to exercise 
control of the product and to advise the type of metal most 


Brinell Hardness Number 


Section Thickness Inches 


cq. 4 Grapn SHowrne Increasing Harpness oF Mretat WitTH 
DeEcrREASING SECTION THICKNESS 
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suited for any engineering production job. Nevertheless, there 
can be intelligent co-operation between the foundry and pro- 
duction engineer only if the latter has some knowledge and ap- 
preciation of the problems of the former, and of the fact that 
there are now available for his use “tailor-made” iron castings 
produced to do a specific engineering job. 

The need for this co-operation has long been recognized in the 
fabricated-steel industry, but it is only recently that the pro- 
duction engineer or metallurgist and the utilization or design engi- 
neer have really begun to work together. That the control 
methods outlined are essential to the production of ‘engineered 
castings” is further exemplified when it is remembered that the 
constitution of the iron must be controlled in relation to casting 
section, the heavier the section the higher the constitution. 

If too-high a constitution iron be poured in a section, the point 
of maximum solidity penetration is passed and the more rapidly. 
cooled portions of the casting solidify with a white hard structure. 

The production engineer recognizes this condition immediately, 
but he terms it hard or nonmachinable castings. By suitable ad- 
justment of the constitution of the iron, a free-machining casting 
with maximum solidity penetration and uniform property char- 
acteristics results. 

In this patented process the matter has been largely simplified 
for the production engineer by designation of engineering types 
with tensile properties ranging from 50,000 to 30,000 psi. 

Specification is certainly one of the most important duties of 
the design or production engineer, and the relation of Brinell 
hardness and tensile strength to section thickness of the various 
types of engineering irons is shown in Figs. 4 and 5. This pro- 
vides us with a most important lesson in specifications. 

Types GD and GE‘ may be poured in thin sections 3/, in. 
or less and still retain their grayness or free-machining quali- 
ties, along with excellent tensile properties. If GA is poured 
in a casting less than !/2 in. section, its strength properties tend 
to fall, and machining problems may result. 

An engineer may have a particularly important casting in which 
he desires high tensile strength and consequently specifies GA 
Meehanite or a 50,000-psi iron. This specification is correctly 
made if the casting sections are relatively heavy. However, 
assume a section of 3/s in., if type GA be employed a loss of 
tensile may result and machining problems are sure to arise. 
If, however, GC is specified, good tensile strength, Fig. 5, 
high hardness, Fig. 4, and free machinability result. 

Fortunately, the modern foundry is equipped to advise on 
these matters, and it is necessary only for the production engi- 


4 The chemical compositions may be varied, according to desired 
constitution and casting dimensions. 
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neer to be aware of the newer products at his command, and the 
need and reason for consultation with the foundry metallurgist or 


engineer. 
Basic ENGINEERING PROPERTIES 


Until more recent years cast iron was not considered a true 
engineering material which could be utilized on a design basis, 
and certainly little thought was given to its application in mem- 
bers for service at elevated temperatures, where loads of given 
magnitude must be maintained with plastic flow controlled within 
predetermined limits. 

In this section of the paper attention will be directed to the 
properties of engineering irons of importance to the design engi- 
neer at normal temperature operation, as well as for service at 
elevated temperatures. 

Properties at Normal Temperatures. Probably the characteris- 

‘ tic of a metal of most service to the engineer is the tensile stress- 
strain curve, and it is beginning to be recognized that a simple 
statement of tensile strength, along with ductility, by no means 
provides a complete picture of serviceability. A comparison of 
the stress-strain diagrams of ductile steel and a 50,000-psi iron 


demonstrates this point. 
In Fig. 6 are reproduced the stress-strain diagrams for these 
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Fic. 6 Two Types or Stress-STRAIN DIAGRAMS 


two engineering materials. The diagrams reveal three distinct 
areas, as follows: 


1 Stress absorbed during elastic deformation. This has re- 
lation to the modulus and yield strength. 

2 Stress absorbed during elastic and plastic deformation which 
has some relation to the reserve of plasticity available, against 
sudden fracture. 

3 Plastic changes recording deformation during failure. 


Areas 1 and 2 illustrate in a general way the relative capacity 
of both materials to absorb working stresses in service up to 
approximately 1 per cent plastic deformation, which is about all 
that much engineering construction can endure. 

Accordingly, the relative tensile strength or ultimate breaking 
load:of the steel and the iron provides little information on the 
useful properties of the material which can be used in unit design. 

A typical stress-strain curve of a 50,000-psi iron is shown in 
Fig. 7. 


TABLE 1 GENERAL SPECIFICATIONS FOR VARIOUS ENGINEERING IRONS | 


-———-—Transverse 


Two-step Tensile, 1.2-in. bar, Deflection, 
process iron psi 18 in. center in, 
GA 50000 3100-3600 0.28-0.34 
GB 45000 3000-3400 0.28-0.34 
GC 40000 2900-3300 0.26-0.34 
GD 35000 2600-3000 0.22-0.34 
GE 30000 2000-2600 0.20-0.34 


a Reversed bend. 
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Thus the old concept that cast iron should be regarded as ¢ 
“brittle” material without any true elastic properties no longe: 
holds with the modern irons which can be made so that thei, 
dependability and properties are accurately known and are re 


liable. 
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PHYSICAL PROPERTIES 


Y.P. 0.2 per cent plastic strain 
P.L. = 14,000 psi 

Y.P. = 46,000 psi 

T.S. = 51,000 psi 

Ext. = 0.5 per cent on 2 psi 
Mod = 18.9 X 108 

Bhn = 241 


Fic. 7 Strress-Strain Curve or a 50,000-Ps1 Iron 


In Table 1 are ‘given the general engineering specifications ‘4 
the various types of engineering irons. These values represen 
the normal minimum assured physical properties. 

Attention has also been directed to the importance of mair# 
tenance of tensile strength independent of casting section. Det 
on this point are given in Tables 2 and 3. 

An important property of a metal is its toughness. Considers | 
ble thought and experimental analysis have been given to tiv 
property, and no test is yet available which provides a satisfz 
tory measure of toughness. In fabricated steels an Izod «4 
Charpy value on a 10-mm-square test bar has usually suffieed 
whereas for tool steels such tests are meaningless and resort hs 
been made to torsion impact. | 

In the study of irons, a modified Izod impact made on an ux | 
notched test piece, machined to 0.798 in. diam seems to hay 
found rather general favor. In Table 4 are given data obtained, 
in an extensive investigation on the general engineering types cf 
iron. 

The fatigue strength of a metal is also a very important chaah 
acteristic of metal parts, and data are available for the varioul! 
irons discussed in this paper. Using the standard R. R. Mooi} 


Com- | 
pression 
Bhn strength, Modulus’ Fatiguee Specific | 
(min) psi elasticity strength gravity . | 


207 175000 21000000 22000 # 7,31 i 
196 160000 19000000 19000 7.28 (| 
192 150000 17500000 17500 7.25 
183 130000 15000000 15000 7.22 
174 120000 12000000 13700 7.16 
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TABLE 2 TENSILE STRENGTH IN RELATION TO SECTION 
THICKNESS OF 50,000-PSI IRON, ADJUSTED FOR SECTIONAL 


| THICKNESS F 
Section of casting Tensile strength, 
: tested, in. psi 
1 0.75 Fe 
1.25 53500 
2.00 54000 
°3.00 53000 
4.00 50800 
6.00 47500 


‘TABLE 3 TENSILE STRENGTH IN RELATION TO THICKNESS 
OF BAR AND CASTING; 55,000-PSI TWO-STEP PROCESS IRON@ 


: Tensile, psi; Per cent 

; Thickness, 1.2-in-diam Tensile, psi; of 1.2-in- 

Casting in. bar casting diam bar 
Cylinder liner 23/4 72010 66730 92.7 
Cylinder liner 31/2 71970 61630 85.6 
-Crankshafts 13/s 60480 50400 83.5 
Gears 23/4 64960 49280 76.0 


@ Figures are averages of a large number of examples. e 


‘TABLE 4 MODIFIED IZOD IMPACT-TEST RESULTS FROM 
_ ROUTINE TESTING OF 0.798-IN. UNNOTCHED TEST BARS 


Two-step Impact, ft-lb 
process iron to fracture 
GAR tate ctetehc ieee atte ene nee aie is 25-35 
CB ede che cere rs wsteveis eiaccherojavanesbio.etacvatera « 15-23 
CG ope ate ie cs eemel ee Otlotesanovel Pavel. «oe tuge as 12-20 
CD eee eee tar aasloieikes eens 8-15 
(Gy hs 15 Stibey Oro otros croton ek Oe TCR RAR Hee 6-12 


type of fatigue-testing specimen and machine, values ranging 
from 22,000 psi for the 50,000-psi type down to 13700 psi for the 
30,000-psi irons have been established. 

Many other properties such as damping capacity and machina- 
bility rating are also of vital concern to the engineer but space 
precludes further discussion. " 

_ Properties at Elevated Temperatures. As the operating tempera- 
ture of unit parts in engineering applications is progressively in- 
creased, the significance of normal temperature basic engineering 
sests becomes decreasingly important. It is for this reason that 
‘breep studies have been developed so extensively in recent years, 
order that the design engineer might have specific knowledge 
f the behavior of materials at various temperature levels when 
subjected to defined stress conditions. 

A vast amount of data have thus been accumulated on the be- 
avior of fabricated steels and special alloys, but little informa- 
ion is available on the creep properties of cast irons. 

During the past several years many creep tests have been 
conducted on engineering and heat-resisting irons, which are of 
irect interest and aid to the design engineer. 

In this section of the paper a brief review of the subject will 
‘ye given. 

It must first be pointed out, however, that the creep rates of 
alue to the engineer may vary widely, depending on the high- 
mperature service demanded. Two extreme cases may be 
ited. In steam-turbine design, one authority has quoted the 
gure 0.01 per cent elongation per year as being a satisfactory 


> 0.00000001 in. per in. per hr plastic flow. In the case of metals 
\WIsed for cracking units in the petroleum-refining industries, the 
aizmount of visually observed bulging of the tubes, indicating 
\i!=veral per cent elongation, has been utilized to designate the 
jad of the safe life period of serviceability. 

Thus the desired sensitivity of creep tests or the order of mag- 
jitude of the creep data, particularly with respect to irons, de- 
onds wholly on service applications. Up to temperatures of 700 
- 800 F, serviceability frequently depends on the essential main- 
nance of dimensional stability, where data on load-strain rela- 
jonships involving very low strain rates, are essential. At 
\mperatures of 1000 to 1200 F and above, much greater strain 


tes can usually be tolerated, and often the information most : 


needed includes the stress-temperature characteristics for some 
given life period within which freedom from failure by fracture is 
assured. 

An initial general view of the effect of temperature on the 
ultimate and on the elastic modulus of a 50,000-psi iron is sum- 
marized in Table 5. Up to temperatures as high as 700 F, the 
tensile strength shows some increase, after which it shows a pro- 
gressive drop as the temperature increases. There is a slight de- 
crease in the modulus up to about 600 F, beyond which tem- 
perature the elastic modulus begins to drop rapidly. ‘ 

It is well recognized, however, that the creep characteristics 
of metals are a more reliable index of their high-temperature 
strength, and such data furnish the engineer with information 
required for design purposes. 


TABLE 5 EFFECT OF TEMPERATURES UP TO 1095 F ON THE 
ULTIMATE AND ELASTIC MODULUS OF A _ 50,000-PSI IRON 


Ultimate Modulus of 

——Temperature—— strength, elasticity, 
deg C deg F psi psi 

15 60 54000 19,200,000 
230 445 57000 18,300,000 
250 480 57000 ae. 

- 300 570 59000 17,800,000 
350 660 57200 nition 
400 750 46200 14,400,000 
490 915 27900 10,600,000 
590 1095 21100 Pate 
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Creep Properties up to 850 F, The results of creep tests on 
GA, GM, and SC-2' iron at 750 F, have been reproduced in Figs. 
8, 9, and 10, respectively. These castings were tested on a gage 
diameter of 0.358 in. over a gage length of 2 in., using stresses of 
5000 and 10,000 psi. 


TABLE 6 CREEP-RATE DATA ON ENGINEERING IRONS 


Strain or 
total elonga- 

-——Creep rate at 2000 hr——._ tion at 

. Stress, fe er cent/- 2000 hr, 

Type psi in./in./hr 10000 hr per cent 
5 i 5000 3.0 X 100-8 0.03 0.015 
25000 en 10000 WoO De 20 ee 0.075 0.045 

55000 psi 5000 LAS <a 0Gs 0.015 0.01 
10000 2.5 X ane Ree ne 
-resisti 5000 17 xX 40s ; , 

oa 10000 5.0 X 1078 0.050 0.022 


The data obtained from these curves have been included in 
Table 6, where it will be noted that the creep rates have been re- 
ported in the two forms most commonly used, namely, creep rate 
in inches per inch per hour and in per cent per 10,000 hr. 

The results have established that any of these engineering 
materials can be utilized in applications where only extremely 
small creep rates can be tolerated. The creep rates are of the 
same general order of magnitude as those established for wrought 
carbon steels under similar temperature-strain conditions. They 
are also of the order of magnitude of interest to turbine engineers 
who demand a creep rate for certain operating parts not exceeding 
0.01 per cent elongation per year or 1 X 107° in. per in. per hr. 

These data should serve to emphasize the urgent need for 
review of such tentative specifications as ASTM A 278-44T, 
limiting iron castings for pressure-containing parts to tempera-. 
tures up to a maximum of 650 F. 

Some tests at 850 F on HB heat-resisting iron are also in- 
structive and demonstrate the load-carrying capacity of these 
irons where creep rates of 0.05 to 0.1 per cent per 1000 hr are 
satisfactory for service applications. The curves for loads rang- 
ing from 7500 to 12,500 psi are given in Fig. 11. 

Some very useful data on heat-resisting SC-type irons are 
included in Fig. 12. The tests were run at 730 F, under a 10,000- 
psi tensile load. The creep rates range from 0.023 up to 0.043 
per cent per 1000 hr or a maximum of 4.3 X 1077 in. per in. per hr. 
The duplicate tests show satisfactory agreement. 

No microstructural changes could be observed in any of the 
tests reported within the stated temperature range. 

Creep Properties Above 850 F. When tests are conducted on any 
metallic materials at temperatures where the microstructural 
constituents and their distribution are unstable, the measured 
elongation consists of the algebraic sum of two components. 
Elongation or contraction arising from structural change, and 
elongation (true creep) depend on plastic flow of the metal under 
stress. This idea is demonstrated by the curves in Fig. 13 drawn 
from tests conducted on a two-step process iron. Trace A repre- 
sents the observed and recorded elongation-time relation for a 
test conducted at 1200 F under 2000-psi tensile load. Trace B 
represents a similar relationship with the stress reduced to a 
nominal 100 psi. The first curves show the elongation summation 
resulting from structural changes and from creep whereas the 
latter exhibits the elongation-time reaction from structural 
changes alone. By difference the true creep curve C was obtained. 

Industrially we are usually interested in total dimensional 
changes as shown in curve A. However, it is common practice 
to “stabilize” fabricated steels by heating to a temperature 
slightly above service temperature prior to placing the part in 
actual service. 


: 5 Meehanite designation for heat-resisting irons—higher-silicon » 
iron, 


TRANSACTIONS OF THE ASME 


FEBRUARY, 194! 


tress = 10,000 P.S.1. 


S 
Creep Rate = 0.04% Per 1000 Hours 


% % Elongation 


Creep Rate = 0.12% Per 1000 Hours 


500 700 900 1100 
Duration of Test in Hours 


Elongation -Inches Per 114" Gauge Length 


100 300 1300 


° 
Fic. 11 Hrca-TemPrratTuRE Creep Tests on Type HB Heat-- 
ResistTine Irons at 850 F 


Creep Tests at 730°F, 
10,000 P.S.1. Stress 


0.027%/1000 Hours 
SC-3 a Ok al 


0.023%/1000 Hours 


one 0.030%/1000 Hours 
HR-1 i ee >a 


ae 
2 
aa 
ry 
3 | 
o —_— 
® 
3 8 j )O Hours = 
2 5 0.040%/100 rs 
9) ea eee 
2 SC-3 3) 
3 0.004 SC-2 0.027%/1000 Hours & 
£ 022 
5 & 
= & 
= 0.002; 
so ols 
= _ 
Ss g: 
vee 0 = 4 = 0 rm) 
0 500 1000 1500 2000 
Duration of Test in Hours 
Fic. 12 Creep Tests on Heat-Resistine SC-Tyrs Irons 
s 4 
& 
wv 0.02 2 SH 
= 
< 
2 | 7 
O01! 3-7 Pee ae 1% 
= C. Derived True Creep Curve 
ivt) 


1 4 i 1 
400 600 800 1000 
Duration of Test-Hours 


4 
200 


Fie. 13 ELoneation-TRUE CURVES OF AN ENGINEERING-TYPE IP 
TESTED at 1200 F 


Tn applications where amounts of deformation below 5 poff 
cent introduce no difficulties, it is of interest to note the effect }} 
increasing the stress on cast test bars of an iron similar to thaf 
considered in Fig. 13. 

The behavior of the castings is shown in Fig. 14 which i 
cludes the creep-rate per cent measured at the end of test und 
the three stresses 2000, 3000, and 4000 psi, respectively. 

In order to ascertain the strength properties of SC-tyyh 
irons at 1400 F, a few creep tests were run using loads of 1000 ax | 
1500 psi. It was anticipated that the castings would fracture im} 
relatively short time at the higher stress, but it was informati:} 
to have an index of ductility at this red-heat temperature. _ | 

The form of the creep curves is shown in Fig. 15 where it maj 
be noted that elongation at fracture resulting from a stress | 
1500 psi ranges from 1!/; to 31/2 per cent. 
of 1000 psi at 1400 F, where the test bars resisted failure, S 
showed a total elongation of approximately 0.7 per cent, arg 
SC-5 a total elongation of a little more than 1 per cent. 

Practical application of these data on a basis that a Maxime 
elongation of 1 or 2 per cent per 1000 hr would serve as a sati# 
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actory criterion, indicates that these irons might be stressed 
afely at loads up to 1000 psi at a temperature of 1400 F. 


Iron CasTINGs IN ENGINEERING PRODUCTION 


The applications of iron castings in. engineering production 
over an extremely wide field which was extended tremendously 
luring the war years for at least two particular reasons, as follows: 
1 On account of the burden imposed on already heavily 
yaded steel foundries and forging shops, it became necessary for 
he design engineer to look for and turn to other facilitiesand other 
gineering materials. 

2 The engineer soon learned that cast irons were fortunately 
vailable which would replace, even with advantage many of the 
gineering parts which he had become accustomed to specifying 
fabricated steel or other material. 

_ Thus replacement was made in a wide variety of applications 
there such properties were demanded as pressure-resistant parts 
or steam, gas, oil, and water; sliding surfaces subject to friction 
rhere minimum galling tendency was necessary; effective damp- 
ag and high fatigue strength in systems subject to vibration, 
ch as crankshaft applications and cutter bodies; heat-treated 
arts where high hardness or wear resistance was essential; and 
any applications where varied property characteristics must be 
laintained at elevated temperatures. 

Engineering applications of the various types of general engi- 
eering, heat-resisting, wear-resisting, and corrosion-resisting irons 
vere already extensive before the outbreak of war, and few fields 
jf engineering remained in which the engineer, although rightly 


ion estan rer Cant 


ili 


gs. 
Despite the economies of the substitution of cast parts for 


vbricated parts nothing is gained unless the new material pro- 
;sides the essential properties at least comparable to those ob- 
i ained in the material to be replaced. In many instances, how- 
er, a much greater service life was obtained, and examples of the 
mportant role of these materials in engineering production will 
illustrated and described in this last section of the paper. 
These examples must necessarily be fragmentary because of 
joace limitation, but they should be of real service to the engineer 
4 directing his attention to further developments where economy 
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of initial cost and increased service life may be readily attained. 

In the field of ordnance castings, Fig. 16 shows a howitzer 
wheel originally specified as steel but finally adopted in 50,000- 
psi iron after abnormal load tests. Many other examples could 
be cited but we are now more interested in directing attention to 
more normal engineering practice. 


Fie. 16 HowirzerR WHEEL, ORIGINALLY MADE AS A STEEL CASTING, 
But Arter Bring THOROUGHLY TESTED Our With ABNORMAL 
Loans, 50,000-Ps1 Fron Was ApopTreD AS STANDARD 


3-3/8 ® 
4-3/32" 
saw slots 
equally 
spaced 


14 Deg. 


53" 


Fig. 17 Coruet anp Hoipine Fixtures 


106 TRANSACTIONS 


Fie. 18 Miniinc-Currer Bopy 


Fie. 19 SPROCKET 


Main 


FOR Twin-ENGINE Suip-PRoPULSION 
ASSEMBLY : 

In machine and machine-tool applications, the wide adoption 
of iron castings has been the inevitable result of increased experi- 
ence and better recognition of their engineering properties and 
reliability, as demonstrated in the field of serviceability. 

In the collet and holding fixture, illustrated in Fig. 17, the 
elastic properties of these irons are utilized. In order to achieve 
the necessary spring temper, the collet was heat-treated after 
machining. It replaced a part previously machined from a solid 
bar of SAE 1045 steel. The casting weighs only 4 lb. with a 
‘/i-in. machining allowance, 

The use of this iron in tool shanks and milling-cutter bodies, 
Fig. 18, provides examples of superior performance because of in- 
creased vibration absorption combined with strength, rigidity, 
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and better heat conductivity. Cast closely to shape, the shan! 
and cutter bodies reduce machining operations and provic 
greater flexibility as to design. : 

An example of the main sprocket used in a propulsion assembh 
which was specified in a two-step process iron, is illustrated i 
Fig. 19. The importance of these sprockets from the standpoir 
of performance, resistance to wear, strength, and toughness 
obvious in units of this type. All sprockets have cut teeth am 
the machining of a part of this type provides tangible evidence « 
casting uniformity, solidity, freedom from defects, and good mi 
chinability. 


Fic. 20 Four-Vatve Dreset-EncinE Heap or Iron Castine 


Fie. 21 Casr Encinre Liners ror DixseL-ELecrric Locomorty // 
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| An interesting example, where density and solidity are para- yf , % 
jmount, is illustrated in Fig. 20, which shows a large 4-valve 
\Diesel-engine head made of iron castings. This casting contains 
fsections ranging from '/, in. in the frame head passages and cyl- 
\inder walls to 2-in. on the firing face of the cylinder head. All 
|passageways have to be watertight with close tolerances main- 
itained. 

Many examples may be cited in the field of engine design and 
oressure vessels but a few illustrations must suffice. 
) Fig. 21 depicts cast liners used in 1000-hp Diesel-electrie loco- 
jnotives where long wear and smooth operation are essential. 
| In the compressor shown in Fig. 22 castings were used for (1) 
sasings; (2) rotors (silver-soldered to rotor shaft); (3) thrust- 
Jearing housings. The rotors revolve at a top speed of 18,000 
pm, and extremely close tolerances, structural stability, and di- 
nensional accuracy must be maintained. In operation, air enters 
‘he bottom of the casing at the right and bites of air are trapped 
vy the pairs of helical lobes. Male and female lobes intermesh 
ind compress the air until the discharge part is uncovered and air 
S squeezed out as a steady flow under compression. 

In the custom-built press for large tube-upsetting reproduced 
n Fig. 23 the following iron castings were used: 


Fic. 22 Compressor Casines, Rorors, THRUST-BEARING HousINGs 
or Two-Step Process CastTINnGs 


Part Finished weight, lb 

orizontaleraniat <ste oti. cle castes 11500 

ASL OMS ree wera. Se APTA ge aii 55 (each) 
Palle DACKICOVELBem tas Sen costo sete see = 35 (each) 
WieKtiCaleram aeercerie seen tah sos 2 oe 7400 
18¥0j | bea), Gonpian db Go ole onal) ee ee 115 (each) 
Ren ease So we ae eo aes SE 270 (each) 
Stripper rani. ew she ai ote 725 (each) 


The new slide-valve design shown in Fig. 24 provides improved 
yerformance and reduction in production costs. The dense uni- 
orm structure of the iron containing finely dispersed graphite 
particles provides a self-lubricating bearing surface fora carburized 
jnd hardened-steel slide. Three rubber O-rings are used to fit 

he spacer in the aluminum housing, permitting the use of alu- 
‘ninum, steel, and iron in close conjunction, despite different co- 
ficients of expansion. The unit has made it possible to hold 
he pressure drop to about one point at 3 gpm flow. The hydrau- 
ic valve was designed for use in fighter aircraft in connection with 
ntrol of the autopilot. 

An example of particular interest to the design engineer is the 
elded-steel and cast-iron Diesel block and base assembly repro- 
uced in Fig. 25, where comparisons were possible for the econo- 
ies involved. The finished weight of the cast unit was 10,620 
, as compared with 11,442 lb for the welded unit. On the Fic. 23. Custom-Buritr Press ror TusEe UPsetrine 


7 


| 
| 


Fic. 24 Siime-Varve DEsIGn 
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basis of finished costs of the two-step process casting being 100, 
the finished welded assembly was 388. _ 
Some factual data on this problem taken from an analysis on 


production engineering of these units follow: 
(a) Block and assembly base of 1000-hp Diesel engine: 
Cast Welded 


Pinished weight, llbti-w. cee. tae 11442 
Production rate per month......... 4 20 


Kinishedicostassct ae tycce einen $1774 $6875 
(b) Auxiliary drive housing for engine: ; 
Finishedsweight lbs tment. inn ee 738 361 


Production rate per month......... 4 20 


Kinishedkeoste....0 eae ee ee $200 $385 
(ce) ‘Diesel-exhaust manifold: 

Kinishedwweig bit, libies..o cee easton 442 222 

Production rate per month......... 4 10 

mish ecducostaste eta osc ee eres es $180 $345 


TRANSACTIONS OF THE ASME 


FEBRUARY, 19¢ 


It must not be inferred from these figures that the design e1 
gineer should automatically turn from weldments to casting 
Very careful cost analysis of the problem together with coi 
sultation with the foundry engineer should always be mad 
The figures submitted, however, indicate what can be & 
fected by application of correct design principles to a specif 
job. | 

Two examples of cast pressure vessels are shown in Figs. 2 
27, and 28. It took 10,000-lb pressure to burst the compress 
unit in Fig. 26, whose normal working pressure is 1500 pe 
Thus this body normally provides a factor of safety of over 6!) 
per cent, 

The hydraulic pump head, Fig. 27, is drilled with 16 holes ty; 
fore it is submitted to a routine test of 12,000 psi. Fig. 28 illu: 


trates the pump head under test to a maximum pressure of 30,0" 
psi. 


Fic. 25 Comparison oF WELDED-STEEL AND Cast-Iron DigseL BLock AND Base ASSEMBLIES 


Fic. 26 Compression Unit Wuicu Burst at 10,000 Ls Pressure 


For many years these types of irons have served as a success® 
die material for four basic reasons: 


1 Cast dies may be produced closely to dimensions, reduc#il 
required machining and expensive built-up constructions. 

2 The graphite content of these iron dies provides self-lub 
cation in service, thus increasing die life. 

3 Easy machinability with high strength properties. 

4 Adaptability to heat-treatment and fame-hardening. 


Fic. 27. Hypravuiic-Pump Heap 
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Fic. 28 Pump Heap Unper Test at 30,000 Psi 


Fig. 29 LapLte Borroms Hot-ForMep on Iron Dies 


A typical application includes ladle bottoms fabricated from 
1-in. steel plate, Fig. 29, which were hot-formed on iron dies. 

Examples of many other applications, including high-tempera- 
ture and corrosion- and wear-resistant service conditions, could 
be cited. Thus Fig. 30 illustrates a 9-ft  12-ft Marcy mill cast 
in wear-resisting-type iron and carrying a ball load of 50 tons. 
The weight of this mill on each trunnion is 70 tons. 


CONCLUSION 


It is hoped that the examples cited suffice to reveal clearly the 
varied characteristics of the modern new irons which are available 
to the production engineer in his search for more serviceable ma- 
terials with increased economy of the finished product. 


Fic. 30 Bari Mirty Cast 1n WeaAR-ReEststinc [Ron 


A simple nozzle-diaphragm device for transmitting an 
ir pressure substantially corresponding to an applied 
rocess pressure is examined with respect to the factors 
ffecting nozzle clearance. Elementary gas-flow formulas 
e used to analyze these factors, and auxiliary circuit 
omponents are introduced which reduce substantially 
1e variation in nozzle clearance as a function of the trans- 
ritted air pressure. 


NEUMATIC transmitters are often used for converting 
process variables to air pressures for remote indication, 
recording or controlling, particularly in dealing with cor- 
Sive or viscous fluids, or with extremes of temperature which 
ake impracticable direct transmission of the process medium 
the receiver. Transmitters may be of the displacement type, 
herein changes in the process variable result in mechanical 
otion which, in turn, actuates the pneumatic circuit. Or trans- 
itters may be of the force-balance type, wherein changes in 
e process variable result in force changes that are balanced di- 
etly by air pressure. This discussion deals with the latter type. 
ForcE-BALANCE TRANSMITTERS 


Force-balance transmitters have been applied to the measure- 
ant and control of a number of variables, including force or 
sight, pressure, liquid level, specific gravity, flow, temperature, 
d motion or position. The direct-nozzle system, shown sche- 
atically in Fig. 1, illustrates one of the basic forms.of a pressure 
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3. 1 Simpite Force-BaLaNnce PNEUMATIC TRANSMITTER USING 
Dirrect-NozzLb Circuit 


nsmitter. Here the process pressure is applied to the upper 
e of a flexible diaphragm. Air is supplied to the opposite side 
the diaphragm through a fixed orifice. An escape nozzle 
wrovided, so that excess air will be exhausted to the atmosphere. 
e diaphragm carries a seating member which restricts the 
w of air through the nozzle in accordance with the position of 
diaphragm. 

n operation, the process pressure tends to force the diaphragm 
1 seat toward the nozzle to restrict the escape of air. But this 
ses the air pressure below the diaphragm to increase. Thus 
-diaphragm will take a position which permits air to escape 
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Nozzle Flow Characteristics in Pneumatic 
Force-Balance Circuits 


By D. B. KIRK,! PHILADELPHIA, PA. 


through the nozzle at the same rate at which it is supplied through 
the fixed orifice. Under these conditions the pressures on either 
side of the diaphragm will be substantially equal if negligible 
force is exerted by the diaphragm itself. The clearance between 
the nozzle and its seat, in this type of transmitter, must neces- 
sarily be a function of the transmitted pressure. 

The relationship between nozzle clearance and the transmitted 
pressure has a very definite effect on the general performance 
of pressure-transmitting circuits. This subject therefore has 
been given considerable study in an attempt to improve trans- 
mitter performance. To obtain measurements of the nozzle clear- 
ance with an accuracy in the order of 0.00001 in. would be prac- 
tically impossible by means of ordinary gaging equipment, even 
if the nozzle seat were accessible. But the problem is greatly 
simplified by taking advantage of the effects of changes in nozzle 
clearance on the transmission characteristic. 

The spring rate of the transmitter was first determined by 
applying various known pressures to one side of the diaphragm 
and by measuring the corresponding deflection of the seat with a 
dial indicator. A graph was drawn of the seat displacement 
versus applied pressure, and the slope of the graph, through the 
normal operating range of the seat, was taken as the change in 
nozzle clearance resulting from unit change in differential pressure 
across the diaphragm. 

The nozzle was then replaced and connections were made to 
operate the system as a pressure transmitter. This is shown in 
Fig. 2. A manometer, connected across the diaphragm, provided 
an indication of the differential pressure, from which the displace- 
ment of the nozzle seat could be calculated. By this means, with 
a diaphragm spring rate of 100 psi per in., changes in nozzle clear- 
ance in the order of 0.00001 in. were indicated on the manometer 
as approximately 0.03-in. changes in water column. The ab- 
solute value of the nozzle clearance was not given by this method, 
but was instead determined directly from the dial-indicator 
readings. 


/ BIR LOADING 
<— PRESSURE 


AIR SUPPLY 
PRESSURE _ 


Fig. 2 Circurr ror Mreasurina Nozzue CLEARANCE AS FUNCTION 
or TRANSMITTED PRESSURE 


Fig. 3 shows the relationship between nozzle clearance and 
transmitted pressure as determined by laboratory measurements 
on a transmitter of the direct-nozzle type shown in Fig. 1. It 
will be noted that the nozzle clearance varies as a nonlinear func- 
tion of the transmitted pressure. This deviation from linearity 
becomes significant in view of the fact that all practical trans- 
mitters use resilient members which exert a restraining force pro- 
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Fic. 3 Nozzte CLEARANCE VERSUS TRANSMITTED PRESSURE; DirEcT-NozzLbe Circuit 


portional to their displacement. The effect of this force is to pre- 
vent the transmission of pressure in an exactly 1:1 ratio. If the 
nozzle clearance bore a linear relation to the transmitted pres- 
sure, its effect would not be objectionable except in certain types 
of 1:1 transmitters. But the fact that the relationship is non- 
linear means that the transmitted pressure will also be nonlinear 
with respect to the process pressure. Some idea of the non- 
linearity may be obtained by comparing the straight line drawn 
through the usual limits of the transmitted-pressure range, that 
is, 8 and 18 psig. The deviation from linearity of the nozzle- 
clearance characteristic in this case is 0.00052 in. With a dia- 
phragm spring rate of 100 psi per in., the deviation from linear- 
ity of the transmitted pressure is 0.052 psi, or 0.35 per cent of 
the total transmitted range of 15 psi. 

The causes of nozzle-seat_ motion lie in the fundamental rela- 
tions governing the flow of gas through an orifice. In the case of 
a fixed orifice, the flow of air is proportional to the square root of 
the pressure drop and to the square root of the absolute down- 
stream pressure. This may be expressed by the relation 

Flows "Ki\\/ (Pye Pa) Pa ate ee 
In this expression K, is a constant combining temperature and 
density of the air, the orifice coefficient and area, and other con- 
stant factors depending on the units chosen for measuring the 
several variables. A similar relation holds for the nozzle and 


seat shown in enlarged cross section in Fig. 4. Here also, the* 
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Fig. 4 Dimensions or Nozzur Usep In ALL TRANSMITTING 
CIRCUITS 


flow is proportional to the square roots of the differential and 
downstream pressures. In addition, it is proportional to the 
nozzle clearance 2x, if this clearance is small compared with 


the nozzle diameter. The relation therefore for the nozzle an 


seat combination is 


Flow = 2K, \/(P) = Pye eee 


k, is a constant, combining all fixed factors. 

When the transmitter in Fig. 1 is operating under conditio: 
of equilibrium, flow of air through the orifice is equal to that « 
hausted through the nozzle. It is therefore possible to combi 
Equations [1] and [2], substituting the values for supply press’ 
P,, transmitted pressure P,, and atmospheric pressure Fal 


follows 
Ki V (P, — P,P, = cKe V (P; — Po)Po 


It is assumed that the air remains at constant temperature ' 
it flows through the supply orifice and the nozzle. This cone 
tion.is closely approximated under practical conditions beca 
of the good thermal contact made between the transmitter # 
relay bodies and the relatively small flow of air involved (appre 
imately 0.1 scfm). Solving this for the nozzle clearance (x) _ 


Ky (e.— PP ; | 
ae 


~ Ky 


Flow 


This expression holds in the range where no orifice is subjec? | 
critical-flow conditions, that is, where 


1.89 Po > P, > 0.53 P, 


For values of transmitted pressures above this range, Equati 
[3] must be modified by substituting 53 per cent of the upstres 
pressure for the pressure drop and also for the downstream prj 
sure. Therefore we have 


a 0.53 oe 
and for P, less than 0.53 P,, we have 5 
Ki 1 
GA (UI Ve i Se a {fh 
Ry (P, — Po)Po 


The validity of Equation [3] is indicated in Fig. 3 by its ag | 
ment with the experimental curve. The values of Ki and | 
were arbitrarily chosen so that the calculations resulted ix 
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alue of 0.003-in. nozzle clearance at a transmitted pressure of 
psig. This condition, which is typical in the operation of cer- 
ain types of commercial force-balance transmitters, is the basis 
br comparison between the various circuits described in this 
aper. 
Examination of Equation [3] shows that, with constant supply 
jnd atmospheric pressures, the nozzle clearance depends upon 
aree factors which are functions of the transmitted pressure, as 
lows: 


1 The pressure drop across the supply orifice (P, — P,). 
2 The density of the air at the nozzle (P,). 
3 The pressure drop across the nozzle (P, — P). 


liminating the variation in any one, or all, of these factors would 
afinitely reduce the change in nozzle clearance as a function of 
ie transmitted pressure. 

One of the variables affecting nozzle clearance has beén re- 
aced by a major extent in the pneumatic circuit shown in Fig. 5 
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i this circuit, air is supplied through a fixed orifice to the upper 
, He of the flexible diaphragm in a pneumatic relay. From there 

jescapes through the transmitter nozzle to the underside of the 
‘lVaphragm in the transmitter. It returns to the pneumatic relay 
“rough a separate connection, and may be either transmitted 
tt receiver (not shown) or it may escape through the exhaust 
“rt and the porous center section of the diaphragm to the at- 
‘l!5gphere. Air is also supplied, as required, through a valve 
4 rectly to the underside of the diaphragm in the transmitter. 
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An increase in the process pressure tends to force the diaphragm 
and seat toward the nozzle, causing the pressure in the upper 
chamber of the pneumatic relay to rise. The diaphragm in the 
pneumatic relay will then be moved downward to close the ex- 
haust port and open the supply port. Whereupon, air-admitted 
through the supply port is furnished to the underside of the 
transmitter diaphragm until it reaches a value substantially equal 
to that of the process pressure. At the condition of equilibrium, 
the nozzle seat is lifted lightly from the face of the nozzle to permit 
the air to flow through the nozzle at the same rate at which it is 
supplied through the fixed orifice. The diaphragm in the pneu- 
matic relay is likewise in a state of balance since the pressure 
above this diaphragm must exceed that below it by an amount 
sufficient to overcome the force of the differential spring. This 
differential pressure is also effective across the nozzle in the trans- 
mitter and therefore prevents any significant change in the pres- 
sure drop across this nozzle as a function of the transmitted 
pressure. The pneumatic relay serves the additional purpose of 
increasing the transmission capacity of the system and there- 
fore is commonly referred to as a booster pilot. 

It may be noted that the direction of flow through the nozzle 
has been reversed in this circuit compared to that shown in Fig. 
1. This reversal of flow has little significance other than to alter 
slightly the discharge coefficient of the nozzle. The effect was 
compensated for in these tests by making a corresponding change 
in size of the air-supply orifice. 


IMPROVED TRANSMISSION OF CONSTANT-DIFFERENTIAL CIRCUIT 


The improved transmission characteristic of the constant- 
differential circuit is compared to that of the original direct-nozzle 
circuit in Fig. 6. It will be noted that for the normal trans- 
mitted pressure range of 3 to 18 psig, the change in nozzle clear- 
ance has been reduced from 0.00209 in. to 0.00171 in. Even 
more important is the improvement in linearity; the deviation 
from a straight line has been reduced from 0.00052 in. to 0.00009 
in. 

The ideal nozzle-clearance characteristic of the constant- 
differential circuit is calculated from the expression 


(PoP) hs 
Cee ae gy) ag 


ee) 


where P,, is the upstream pressure at the nozzle. When the 
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values of supply pressure P,, and nozzle differential (P, — P,), 
used in the experimental work are substituted in the equation, 
the dotted curve A results. The differences between the ex- 
perimental data and the calculated curve, in the region below the 
normal transmission range, may be attributed largely to the fail- 
ure of the booster pilot to maintain a constant differential pres- 
sure across the nozzle at very low values of the transmitted pres- 
sure. Within the normal transmission range it will be noted, 
that the experimental curve more nearly approaches a straight 
line than does the calculated curve. The difference between the 
two curves arises from the fact that the air-supply orifice in 
Fig. 5 is a tubular restriction (0.012 in. diam X 1/2 in. long), 
instead of a thin plate. The flow in this restriction does not fol- 
low the simple square-root law assumed for Equation [4]. If 
the supply restriction is intermediate between a capillary tube 
and a thin-plate orifice, the nozzle-clearance characteristic 
can be made to approximate a straight line even more closely. 

In maintaining a practically constant pressure drop across 
the transmitter nozzle by the addition of the booster pilot de- 
scribed, we have greatly reduced the variation in one of the three 
factors responsible for changes in the nozzle clearance. This 
has considerably improved the linearity of the transmission 
characteristic. The system is not null balance in a true sense, 
however, because a distinctly different nozzle clearance is re- 
quired for each value of transmitted pressure. Whenever it is 
desired to transmit pressures in an exactly 1:1 ratio, this system 
will be satisfactory only when the over-all spring rate of the 
transmitter is kept very low. For example, with a spring rate of 
100 psi per in., a change in nozzle clearance of 0.00171 in. causes 
the transmitted pressure range to be 0.171 psi less than the 
measured range. This is an error of over 1 per cent based upon 
a 15-psi range. In still other applications of the force-balance 
transmitter, the force is supplied by a source incapable of appre- 
ciable deflection without greatly decreasing the accuracy of 
measurement. In one instance, the permissible deflection of 
the force-applying member was held to 0.U001 in., obviously an 
impossibility with the system just described, unless elaborate 
and cumbersome lever mechanisms were used. 

The problem that remains then is to eliminate the remaining 
two variables affecting nozzle clearance, so that a truly null- 
balance system will result. One of these variables, the effect of 
cHanges in the differential across the air-supply orifice, has been 
removed in curve B, Fig.6. Values for this curve were calculated 
on the basis that the air-supply pressure was high enough, so 
that a critical flow condition always existed across the fixed supply 
orifice. The performance could be easily attained in practice, 
with the circuit in Fig. 5, by using a supply pressure of approxi- 
mately 80 psia. 

There are two important objections to using such a high supply 
pressure, namely (1) possible damage to the receiving equip- 
ment from excessive pressure in the event of transmitter failure; 
and (2) the small size required for the fixed orifice. The method 
for obtaining curve B, therefore, cannot be considered as a prac- 
tical improvement, and furthermore, it cannot compensate 
at all for the change in density of gas at the nozzle. 

Of the three variables contributing to changes in nozzle clear- 
ance, one has been substantially reduced, in a practical manner, 
by the use of a constant differential across the transmitter nozzle. 
The two remaining variables are changes in flow caused by varia- 
tion in the differential across the supply orifice, and the changes 
in the density of the air at the nozzle, resulting from changes in 
the transmitted pressure. Both of these variables could be re- 
moved if the flow of balancing air were controlled so as to increase 
in proportion to the square root of the absolute transmitted pres- 
sure. This condition has been very nearly accomplished in the 
circuit shown in Fig. 7. The circuit illustrated is similar to Fig. 5 
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in that a booster pilot is used to maintain a constant pressu®: 
drop across the transmitter nozzle. The only difference is tha: 
the supply of air to the balancing circuit is regulated by an auty 
matic flow controller instead of an orifice. 


Automatic Ftow CoNnTROLLER REGULATES AIR SUPPLY 
BALANCING CIRCUIT 


In this flow controller the differential across a fixed self-cor 
tained orifice is applied across a flexible bellows. The bellow 
controls the position of a valve to maintain the differential at | 
constant value. Since the fixed orifice in the flow controller — 
subject to substantially the same absolute pressure as the nozzj 
in the transmitter, the flow will be very nearly compensated fc 
the variations in density of the gas at the nozzle. Since this ci! 
cuit also maintains a constant differential across the nozzle, it ha 
eliminated almost completely the causes for. variation of nozz7 
clearance as a function of transmitted pressure. 

An experimental curve run with this circuit is shown in Fig. - 
along with the constant-differential characteristic by way of com 
parison. The calculated ideal curve is also shown. The deviatic 
of the experimental curve from the ideal curve can be attribut 
almost entirely to two factors; (1) the inability of the flow ea) 
troller to function as the supply pressure is approached; and ¢ 
to the inability of the booster pilot to maintain a constant ¢ 
ferential at low values of the transmitted pressure. It will ] 
noted that even the ideal curve is not an absolutely vertie 
line. The difference occurs because the absolute pressure at #h 
flow-controller orifice differs from that at the transmitter noma 
by a finite value, ue is required to maintain flow in the e& 
cuit. 

A comparison of the nozzle clearance curve of the final ciren: 
with that of the constant-differential circuit shows a number — 
important improvements. The deviation from linearity has be 
reduced from 0.00009 in. to 0.00001 in. This reduction will 1] 
sult in a corresponding improvement in the linearity of the traz 
mission system. It is also noted that with the improved circu 
the total variation in nozzle clearance over the normal trar4 
mission range of 3 to 18 psig has been reduced from 0.00171 i 
to 0.00011 in. With a transmitter spring rate of 100 psi Hj 
in., the error in range of a 1: 1 transmitter will thereby be reduc 
eS 0.171 psi (1.1 per cent) to 0.011 psi (0.07 per cent). 


VARIATIONS IN MANUFACTURE OF TRANSMITTERS 


It can be appreciated that in the manufacture of pneuma; 
transmitters there will be some variation in these values. 
range of a specific pressure-transmitter will therefore vat 
slightly when it is used with different auxiliary circuit comm 
nents, even from the same production lot. Since the total vedi 
tion in range is much less with the improved circuit, using coo 
pensated flow with constant differential, it follows that the vari| 
tion in range will also be less. For example, assume that 
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(SAME AS FIG. 6) 


(P+) TRANSMITTED PRESSURE - PSIG 


Would be 0.011 psi; in the second case it would be 0.022 psi. 
he difference in range between the two systems is only 0.07 per 
pnt, a value small enough so that the systems could be considered 


sl i 


inanging circuit auxiliaries would be 1.1 per cent. In many 


iifases this would require recalibration to provide sufficient ac- 


lilt the intermediate constant-differential circuit within the trans- 
fission range, particularly at the higher transmitted pressures. 
ithe desirability of this condition arises from the fact that with 
wt eater nozzle clearance the transmitting circuit is inherently 
vd ore stable; also, the greater nozzle clearance permits more 

ariation in the parallelism of the mating surfaces involved. 

om the standpoint of instrument manufacture these are both 
ibry important gains. 


' CoMPARISON OF PNEUMATIC CIRCUITS 
Ww 
| 


i) Comparing the pneumatic circuits in Fig. 1 and Fig. 7, we 
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find that both use orifices for controlling the flow of balancing air 
Because of the low differential pressure used in the improved cir- 
cuit, however, its orifice may have several times the area of that 
in the original circuit (0.024 in. diam compared to 0.012 in. 
diam). The greater area makes the improved circuit less sub- 
ject to the effects of normal impurities in the air supply. 

In both the circuits of Fig. 1 and Fig. 5 the flow of air through 
the nozzle becomes greater with an increase of supply pressure. 
The nozzle clearance and hence the transmitted pressure, will 
be affected. In the improved circuit, the flow is substantially 
independent of the supply pressure because it is governed by an 
automatic flow controller. The importance of this character- 
istic to instrument users is demonstrated by the results of a prac- 
tical test of the supply-pressure effect on the various circuits 
operating at mid-scale. A supply-pressure increase of 5 psi pro- 
duced a corresponding increase in the transmitted pressure of 
0.12 psi for the system in Fig. 1, and 0.21 psi for the system in 
Fig. 5. On the other hand, a change of 25 psi resulted in only 
0.01-psi change in the transmitted pressure of the improved 
system using compensated flow. 

The various auxiliary-circuit components in Fig. 7 have been 
combined in a single relay which is shown in cross section in Fig. 
9. The lower section of this relay comprises a booster pilot 
whose action is identical with that previously described. The 
upper section is a modification of the automatic flow controller 
illustrated in Fig 7. Pilot air passes from the supply connection 
to the nozzle in the flow-controller unit, then continues through 
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the metering orifice and is conducted by external piping to the 
transmitter nozzle. Note that the pressure drop through the 
metering orifice is effective on the major portion of the upper dia- 
phragm, so that any tendency of the flow to depart from a fixed 
value results in corrective throttling action by the nozzle 
seat. 

In the design of this relay the factors causing changes in clear- 
ance of the transmitter nozzle have been reduced so far as con- 
sistency with practical methods of manufacture will allow. For 
example, reference to Fig. 7 shows that the supply pressure 
must exceed the maximum transmitted pressure at least by the 
sum of the differential pressures across the orifice of the flow con- 
troller and across the nozzle of the transmitter. Therefore the 
values of these differentials have been made as low as possible, 
(1 psi and 2 psi, respectively), so as to maintain the same trans- 
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mission-range and supply-pressure values as are used with t 
earlier circuits. 

The differential pressure across the transmitter nozzle should 
low for an additional reason. It has been pointed out th 
changes in nozzle clearance result, even in the calculated idk 
curve, because of the finite value of this differential. It wou 
appear desirable, therefore, to reduce this differential to a ve 
low value; but if this were done, either the flow of balancing 
would necessarily be reduced, resulting in a slower-acting rela 
or the diameter of the transmitter nozzle would have to be great 
increased. Furthermore, manufacturing variations and the t 
sults of aging would have a proportionately greater effect on * 
value of the differential. Therefore the differential must be base 
upon practical considerations at a slight sacrifice of theoretie 
perfection. 


Some of the properties and applications of a relatively 
ittle-known synthetic material, “compar,” are pre- 
pented. A modified polyvinyl-alcohol resin, it is manu- 
actured as tubing in the extruded state and is molded in 
many forms, over a wide range of formulations. The 
lata contained in the paper have not previously been dis- 
plosed, so the author hopes that they may help in the solu- 
ion of particular problems for which better-known ma- 
serials may not have proved suitable. 


pany, for compounded modified polyvinyl-alcohol resins 

to distinguish them from the raw polymer polyvinyl 
leohol. Since the monomer, vinyl alcohol, is not isolable under 
1ormal conditions, the polymer is made, indirectly, from poly- 
‘inyl acetate. Polyvinyl alcohol is a white powder and is manu- 
actured in several grades of varying degrees of polymerization 
nd hydrolysis. 
The raw polymers do not exhibit thermoplastic properties. 
‘hey do not soften under heat and pressure but instead, form 
ard horny masses. When plasticized and modified, however, 
hey do exhibit some thermoplastic properties. Thus they 
often under heat and pressure and can, with proper precautions, 
eremolded and re-extruded. 
Extrusion of compar is at present limited to tubing of various 
izes. Both in the extruded and in the molded states, the com- 
ars are elastic, have a wide range of tensile strengths, excellent 
sIvent and abrasion resistance, and a range of high- and low- 
mperature resistance. Some formulations differ from other 
ynthetic resins in that they are soluble in cold water. Others, 
owever, are available which do not dissolve in water even at 
30 F. They are either transparent, translucent, or opaque, de- 
ending upon the formulation and thickness. They also have an 
nlimited range of color possibilities. 


Be ery, is the generic name, coined by the author’s com- 


CHARACTERISTICS OF COMPAR 


Solvent Resistance. Most compars are almost completely un- 
fected by all nonwater-soluble organic solvents. Table 1 shows 
1e per cent swell of a typical compar in various solvents. These 
zures show that aliphatic and aromatic hydrocarbons, chlori- 
ited hydrocarbons, esters, and petroleum oils have a negligible 
fect upon these modified polyvinyl-alcohol products. . 

Table 2 shows the effect of carbon tetrachloride on the swell 
hid durometer characteristics of alkyl polysulphides, butadiene- 
lrylonitrile copolymers? and compar. These figures illustrate 
arly the superiority of the compars to the synthetic rubbers in 
is respect. The effect of solvents on the tensile strength of 
\bbers, natural and synthetic, is well known. The tensile 
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|) Molding Engineer, Resistoflex Corporation. 

2 Synthetic Rubber Data—Acadia Synthetic Products. 

Contributed by the Rubber and Plastics Division and presented 
the Semi-Annual Meeting, Chicago, Ill, June 16-19, 1947, of 
oz AMerican Socimty or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
derstood as individual expressions of their authors and not those 
the Society. 


Some Properties and Mechanical 
Applications of Compar 


By J. J. HITOV,! BELLEVILLE, N. J. 


TABLE 1 SOLVENT RESISTANCE OF COMPAR;4 TYPE O 


Per cent change in volume 


Liquid 48 hr 1 week 1 month 3 months 
Di-isobutylene.......... —0rs —0.6 —0.5 —0.9 
SABWNO.SOlot eres —0.3 0.4 0.4 0.2 
PG) eee tee Sera OF. 0.3 Ong 1.3 0.8 
Perchloroethylene....... —1.4 —1.3 —0.6 —0.5 
Butyl acetate........... —4.3 —6.0 —4.8 —3.8 


° Room-temperature immersions. 


TABLE 2 COMPARATIVE RESISTANCE OF ALKYL POLYSUL- 


PHIDES, BUTADIENE-ACRYLONITRILE COPOLYMERS,? AND 
COMPAR TO CARBON TETRACHLORIDE? 
Butadiene-acrylo- ; 

nitrile Alkyl 
copolymers polysulphides Compar 
No. I No. II 

Volume increase, 

per cent, 2.023% 29 56 16.8 0.3 
Per cent change 

in duromeger 

(Shore-type A)—21 —20 .—18 0 


* 48 hr at room temperature. 


TABLE 3 TENSILE STRENGTH OF TYPE 00 COMPAR BEFORE 
, AND AFTER IMMERSION IN ORGANIC LIQUIDS 


A Psi 

OVI ging ry cx, ogareHet sero) nvm 1/1 PDN ivatooro Matane eka tek tene Meccan ete 2880 
After 3 months in: 

LOLS ee ale taney sho ohastonaps on sou Pei auates ss euprevesd) ater e een eine ae 2990 

PARAS Nyse racer ek Roe PALO CH SOA Cera bate nae 3020 

SAEPNOYSOlOI  ooc.k rayets ste cielo ersiexche trate Maeapem ete 2920 


@ Room temperature. 


TABLE 4 PHYSICAL PROPERTIES OF MOLDED COMPARS 


Type 00 0 1 2 3 

Tensile strength, 

PSI sisi ee 4000-5000 3000-4000 2500-3500 1400-1800 800-1200 
Ultimate elon- 

gation, per 

CONG Seine as 450-550 450-550 450-550 400-500 450-550 
Hardness (Shore 

durometer A 

Type A)... 95 85-95 75-85 65-75 50-60 


strength of the compars is not changed by room-temperature 
immersions in these solvents. Table 3 shows the tensile strength 
of one compar after immersion in several solvents. These figures 
indicate that the tensile strength is not decreased by immersion 
in these solvents. They are representative of the effect on many 
of the compars and hold true for all of the water-insoluble organic 
liquids. 

Tensile Strength, Hardness, and Elongation Characteristics. 
The compars are available in a wide range of tensile strengths and 
hardnesses. Both are functions of the amount and type of plas- 
ticizer and grade of polyvinyl alcohol used. The ultimate elon- 
gation characteristics do not vary widely and are in the range of 
about 500 per cent. Table 4 presents these properties for five 
standard molded compars. The stress-strain relationships of 
these compounds are shown in Fig. 1. The last point in each 
curve represents the breaking point. The relationship is also 
shown for one GR-S tread compound. 

When the compars are extended up.to 100 per cent and released 
immediately, the permanent set incurred varies from zero for the 
softest compound to about 6 per cent for the higher-durometer 
compounds. When thus extended and held for 10 min before 
release, the permanent set varies from 3 to 6 per cent. At 300 
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per cent elongation for 10 min, the softest compounds suffer a 50 
per cent permanent set, the hardest about 125 per cent. 

Abrasion Resistance. Complete comparisons of the abrasion- 
resistance characteristics of compars and synthetic rubbers are 
not available. Test data are available for two synthetic rubbers 
and compar, which show the latter to be superior in this respect. 
Table 5 presents these data. 

Water Sensitivity. The compars are not recommended for use 
with water or water solutions. The extremely water-sensitive 
types will dissolve in water at room’ temperature. The water- 
resistant types will not dissolve. For example, the compar shown. 
in Table 3 with a tensile strength of 2880 psi has a residual 
tensile strength after immersion in water (room temperature) 
for 3 months, of 900 psi. After the same period of time in water 
at 140 F its tensile strength is 500 psi. It undergoes a volume 
increase of 55 per cent and 152 per cent under the same condi- 
tions, respectively. Extrusion compounds are available which 
swell only 15 and 25 per cent when immersed in water for 24 hr 
at room temperature and 140 F, respectively. 

Permeability.. The compars are practically impermeable to 
nonwater-soluble organic vapors and gases. Permeability 
data are available for normal and isobutane, and normal and iso- 
butylene.‘ Table 6 shows the permeability of these gases through 
tubing of natural and synthetic rubbers, and compar. The per- 
meability of hydrogen of compar and a host of rubber and plastic 
films is shown in Table 7. This table shows that the permeabil- 
ity coefficient of the second best film is 296 times as great as that 
of polyviny] alcohol. 


AGING CHARACTERISTICS 


The properties of the compars reach certain fixed values after 
aging, which are different from the values for freshly processed 
products. The properties thus affected are shrinkage, tensile 
strength, hardness, and low-temperature flexibility. 

Shrinkage. The compars undergo a shrinkage of from 0 per 
cent for some compounds to 5 per cent for others, after processing. 
Under room conditions they will then remain fairly stable and 
no additional shrinkage will occur. This condition is illustrated 
in Table 8. 


. *“Effeet of Milling on Properties of Hevea and Buna Rubbers,” 
by W. B. Wiegand and H. A. Braendle, Industrial and Engineering 
Chemistry, vol. 36, 1944, pp. 699-702. 

4 “Permeation of Hydrocarbon Gases Through Rubber Tubing,” 
by M. J. Stross, J. R. Riley, and H. M. Eby, Journal of the Institute 
of Petroleum, Birmingham, England, vol. 30, June, 1944, pp. 153-166. 
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TABLE 5 ABRASION RESISTANCE—ASTM D-394-37T 


Poly- 
——Polychloroprene— sulphide Compar 
Filled Unfilled Unfilled Extruded Molded 
Volume loss per sq 
in. of material 
per ny Yabo 
tions of abrading 
wheel, cuin..... 0.0153 0.0371 0.0539 0.0045 0.0058 
Abrasion loss as 
conipered to 
olychloroprene a 
». Billed. wer center au 100 248 353 29.5 34.2 


TABLE6 PERMEABILITY OF HYDROCARBON GASES THROUGE 
FLEXIBLE TUBING‘ 


(Cubic centimeter per square centimeter of internal area per millimetes 
thickness of wall per minute for pressure difference of 1 atmosphere.) 
PX 103——_________ | 


Tubing i-butylene n-butylene i-butane n-butane 
Natural rubber, amber 1.06 1.66 0.37 1.09 
Pure gum amber...... 1.02 2.05 0.21 1.50 | 
Red rubber, cloth fin- 

Fo) sae arise cpio 0.69 0.66 0.26 0.70 
Synthetic rubber, oil- 
aoe Maat tehe tavess 0.024 0.061 0.004 0.017 
Cloth finish, black.... 0.317 0.029 0.111 


0.102 
sae 0.00037 first 10 days 
0.00016 two weeks on 


TABLE 7 PERMEABILITY OF HYDROGEN OF RUBBER ANT 
: PLASTIC FILMS? 


Permeability) 
coefficient 

Polymer P X 108 
Neatural rubber (pale .cvepe) a oie enss5 ove 2 ae cere 30.08 
Polybutadiene? % su. «urs 22 on. se ory ore aie © emer eens 34.06 
Gutta-perehasg: sstiebmaae tiers ai ete 35 scenes eee ene oe 9.31 
Polyehloroprene snc. . de capetcs 6 «1 Cin oe se me ieee ears 7 bea lis 
Butadtene-styrene COpOly Mer. os asic. sss enc ce yea ec aot 23.67 
Butadiene-acrylonitrile copolymer.................-...-. 8.91 
Polythene siti oe wisi ect eaten eee eee 3.91 
Polyisobutylene: :caa0 sen oc les Schoo Boe o eee 5.02 
Polystysenets oo onesie Poeina te, Lae ee ee eee 11.30 
Polyvinyl 'acetaterer.e. ssc s tee cele Bins one ee eee 7.47 
Polyvinyl chlorid @is.0)20'.ho0 6 oles macnn aga > eee 1.48 
Polyvinyl alcohols o.oo ae ee re 0.005 


2“Gas Permeability and the Microstructure of Polymers,” by S. 
Reitlinger, Rubber Chemistry and Technology, vol. 19, April, 1946, pp. 385% 
391 / 


Nore: P expressed in cubic centimeters of hydrogen per square cen 
meters per second for a thickness of 1 em and a pressure difference of 1 atm 


TABLE 8 EFFECT OF AGING, UNDER ROOM CONDITIONS, @} 


SHRINKAGE 
Per cent decrease in dimensions 
Time after Type ype Type 

molding 0 2 3 
DL week: iraesacs wise Sk 3.0 0 
2 weeks! $., 2822-008 2 3.9 3.0 «ate 
‘Tomon Ghanaian sear ats 4.5 3.6 0.2 
3 MdOmtn ase tro eee 4.2 3.6 0 


TABLE 9 EFFECT OF AGING, UNDER ROOM CONDITIONS, @)R 
TENSILE STRENGTH Ty 


0 2 
Original tensile strength, psi......... 2100 590 
After. month. sen. td cces eaectnace 3500 1600 1 
After S:monthss.....:.6)+ce coe eteeieee 3500 1600 1 


of freshly molded compars and the values attained after 2 week [ 
and 3 months, respectively. After approximately 1 montlf 
these values reach a maximum. The attainment of these max} 
mum values may be hastened by aging for short periods of tim] 
at elevated temperatures. . | 

Hardness. The durometers of the freshly molded compas 
are lower than the values shown in Table 4. It is only af 4 
aging that they attain those equilibrium values. 


These day 
are presented in Table 10. Here, again, it is seen that maxing 
values are attained after about 1 month under room conditions. | 

Low-Temperature Flexibility. The low-temperature flexibilii 
of compars depends upon the formulation and the time and ter 
perature to which exposed prior to cold-testing. A tubing ceril 
position is available which is flexible at —76 F and lower, prior ’| 
high-temperature aging. After aging for 1 week at 160 F it; 


TABLE 10 EFFECT OF AGING AT ROOM CONDITIONS ON 
DUROMETER? OF COMPARS 


WoOMpOUnde nm octet an 6 0 2 3 
Orrminalenire ci tuterni caters 69 61 47 
MEW EGS ceria tote sie seedy ey eisieta 81 62 46 
BOW Geka rin caheteis ic asters: 82 62 46 
RMON GIG oe cceterehate venehsle- oie 85 65 50 
MMOS trereis ges ese teks oe 84 65 48 


® Shore type A. 


“ABLE 11 EFFECT OF AGING ON LOW-TEMPERATURE FLEXI- 
BILITY OF COMPARS 


Temp. at which flexible, deg F- 


Jompound Fresh 3 months old 4 months old 
ct) —58 —40 —40 
1 —58 —40 —40 
2 —58 —40 —40 
3 ; —76 —58 —58 


till flexible at —40 F. If exposed to the atmosphere for several 
ours it will regain many of its original low-temperature char- 
cteristics. The compars are more flexible when freshly molded 
han they are after aging. Here again, given equilibrium values 
re attained as shown in Table 11. 


APPLICATIONS 


‘| Hose. The properties described indicate the type of applica- 
ion for which compar is suited. It is most widely used where 
olvent- and oil-resistance properties .are required. Thus flexible 
ompar hose is used in automotive applications for gasoline and 
il lines, and for Diesel ‘uel lines in trucks and tractors. Hose 
ssemblies and gaskets are also used in dry-cleaning equipment. 
Ine of the important advantages of the compar tube in this 

pplication is that it does not discolor the solvents. An interest- 
{ag application is shown in Fig. 2. The compar lines are con- 
ucting cooling oil for the x-ray machine shown. In this ap- 
lication it was found that the dielectric of the oil was changed 


Bre. 2 
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by contact with synthetic-rubber lines. This property is com- 
pletely unaffected by compar. Another exacting application is 
in the hot-doping process for finishing fabric-covered surfaces in 
airplanes. Fig. 3 shows such an application, in which the hose 
must withstand the action of solvent at 175 F, and the erosive 
action of the dope. 

The low permeability property of compar has found applica- 
tion in industrial refrigeration and in industrial and domestic air- 
conditioning units. Resistance and impermeability to the 
freons and methyl chloride are essential in these applications. 
Fig. 4 shows a portable air-conditioning unit using long flexible 
compar hose. This property also decided the use of compar for 
propane- and butane-gas lines, 

Compar hose is also used for chloropicrin and DDT spray hose, 
hydraulic oil, and high-pressure lubrication systems. 

Molded Products. Molded compar is used as wipers in wire, 
cable, and hose-lacquering applications. Fig. 5 shows such an 
application. Abrasion resistance is also important in this ap- 
plication. 

Some additional applications are as squeegees in the silk- 
screening and other processes, as a base for lenses in grinding 
with xylol, gaskets for paint cans, fire extinguishers, green- 
house fumigation equipment, watch-cleaning apparatus. and in 
perfume-industry equipment. 

Compar sheets have found applications as a base cover in 
sandblasting equipment. In one application this material re- 
placed 11/:-in. boiler plate, which lasted only several hours. 
The compar sheets have been used for days without serious dam- 
age. Fig. 6 shows a sandblasting operation using compar as the 
base. However, compar is not recommended for indiscriminate 
use in such operations. The particle size of the grit and the angle 
at which it hits the sheet are important considerations. In some 
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Fig. 3 Hot ‘‘Dorr” Apprication With Compar LInEs 


a 


Fie. 4 Portasitr Air-Conprtiontna Unrr Usinc Compar Lines 


combinations of these factors, the compars have proved unsatis- 
factory. 

A second abrasion-resistant application is that of friction rollers 
in the paper and can industries. Fig. 7 illustrates this applica- 
tion. In the paper industry an important feature is the fact 
that the paper is not discolored by the compar rollers. ~ 

The molded compar has also found use as a cushioning belt 
in file-straightening equipment. 

With the development of aromatic solvent inks, there is an 
increasing demand for compar in the printing field. The use of 
compar printing plates has been delayed because of the limita- 
tions of the molding facilities available to the industry. In the 
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molding operation, compar must be cooled under pressuré 


Since the printing industry has been using rubber plates th 
molding presses are not equipped with cooling systems. Tes 


likely that the new inks will make the use of compar mandatory 


5 ComparR WIPERS IN LAcQUERING-TOWER 


APPLICATI® 


Fic. 6 Moxnpep Compar Sueer Brinc Usep as Base in Sani 
BLASTING Oppration 
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Fic. 8 Vatve Ustnc Compar DiaPHRAGM® 
(Open position.) 


ilar considerations have served to increase the interest in 
npar printing rolls. 

Recent tests indicate that compar far outlasts sucker and 
Bter rubbers in can-industry applications. A specially com- 
junded compar has found an important application as a valve 
iphragm.® Figs. 8 and 9 show these valves with diaphragm in- 
jlled in both open and closed positions. These compar dia- 
fms have proved their value in handling the chlorinated and 


' pmatic hydrocarbons. 


ae 


| The Hills-McCanna Saunders patent valve. 


Fic. 7 Compar Friction Rouuers rn Foupina PAPER 


Fie. 9 Vatve Ustnc Compar DraparacnMé 
(Closed position.) 


Some of the properties and applications of a relatively little- 
known synthetic material have been presented. It is hoped that 
this information, much of which has heretofore remained undis- 
closed, may solve some particular problems for which the better- 
known materials may not be suitable, thus perhaps advancing 
industrial technology another millimeter in the miles it must yet 
travel. 


¢ Figs. 8 and 9 are shown through the courtesy of the Hills- 
McCanna Co. 


_ Three-ply cross-laminated oak panels with oak or yel- 
low-poplar core of 75/32 or 1'/4in. total thickness, and 7 X 
7 in., or 12 X 12 in. in area, were subjected to exposure 
tests of repetitive and/or alternating drying at slightly 
below 100 C, and/or soaking at laboratory temperature for 
48 hr, in order to determine the influence of internal 
stresses due to exposure on the dimensional stability and 
durability of such panels. The test results indicate that 
| these panels can be cross-laminated satisfactorily to with- 
stand extreme exposure conditions such as may occur in 
service, if their cross sections are properly balanced and 
their plies are properly assembled. The Tennessee Valley 
Authority designed and built a continuous-press pilot 
plant for the production of these 12-in-wide panels of 
‘any desirable length. 


GENERAL 


( Beiseick att: three-ply cross-laminated oak boards with 
tongued and grooved edges, approximately 75/3. 12 in. 
in net cross section, are manufactured by cross-laminating 

‘three layers of 3-in-wide oak slats of 0.27 + 0.003 in. thickness 

and of random lengths into endless boards. This is accomplished 

funder a continuous manufacturing procedure with a special 
press set up in the Knoxville pilot plant of the Regional Products 

Research Division of the Tennessee Valley Authority.” 

_ Boards and panels of other total thicknesses can be manu- 

Mfactured according to the same procedure. The thicknesses of 

‘surface and core layers of slats need not be the same. ‘Thus the 

}25/z-in. cross section may be made up by utilizing slats, e.g., 

|3/,, in. thick for top and bottom layers and !4/;) in. thick for the 

fcore. Depending upon the use intended for the prefabricated 
|board, a variety of wood species may be used for its manufac- 

}ture, with the individual layers of slats built of the same or dif- 

ferent hardwood or softwood species. The top-surface layer may 

ibe of selected material, the bottom layer of somewhat less desira- 
lble, and the core of low-grade material. The selection of slats 

/for the top-surface layer may be restricted to include only close- 

grained, edge-grained (or quarter-grained) slats within a certain 

solor range and structure, free of knots, deficiencies, and de- 
fects. The core slats may consist of soft hardwood, such as 
yellow poplar or other relatively resilient wood. This may re- 
ultin a greater dampening capacity for such boards, than for those 
bf solid oak or other dense hardwoods. Thus the laminated or 
bross-laminated prefabricated and mass-produced boards and 
yanels may be designed in structure and composition and manu- 


1 Director, Wood Research Laboratory, Associate Research Pro- 
essor, Department of Wood Construction, Virginia Polytechnic 
nstitute. 
| 2*NManufacturing Laminated Lumber, Development of Processes 
ind Machines for Production System,” by R. B. Taylor, Mechanical 
Mngineering, vol. 68, 1946, pp. 539-542. ; 
| This paper was prepared in collaboration with the Tennessee Valley 
4 \uthority and presented at the Wood Industries Division Meeting, 
IMadison, Wis., June 12-13, 1947, of THe American Society oF 
WecaanicaL Encineers. For further details, see Virginia Poly- 
technic Institute Engineering Experiment Station Bulletin No. 47, 
} Limitations in Cross-Laminating of Oak Under Extreme Service 
/onditions,’’ 1947. 
) Nore: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those 
if the Society. 
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Cross-Laminated Oak 


By E. GEORGE STERN,! BLACKSBURG, VA. 


factured accordingly for the particular purpose they are to serve. 

If the 12-in-wide boards or planks are cross-laminated, they 
should show better dimensional stability and warp and cup 
less than a solid piece of wood of the same dimensions during 
change in moisture content, both during manufacture and while 
in use. Since a thermosetting phenol-resorcinol-formaldehyde- 
resin glue can be used for their manufacture, delamination of the 
boards or planks will not occur as a result of moisture absorption 
by the fully polymerized waterproof glue. 

When the moisture content of the wood is changed with great 
rapidity and in a wide range because of fluctuations in the relative 
humidity of the air, or because of direct contact of the boards 
and planks with moisture and/or exposure to heat, extreme condi- 
tions exist. Under those conditions delamination may take place 
as a result of excessive internal stresses set up by the variation in 
change in dimensions of the outer and inner layers of cross-lami- 
nated slats. While with change in moisture content wood does 
not change its longitudinal dimensions appreciably, the dimen- 
sional stability perpendicular to its fibers may be even less than 
one tenth of the one parallel to its fibers. In cross-laminated 
panels, this change in dimension perpendicular to the fibers is 
at least partly restricted by the glue lines firmly connecting 
adjacent cross-laminated fibers. This may result in relatively 
large internal stresses. Since glue lines can be made stronger 
than the wood they connect, these stresses may be resisted by 
the glue lines but are limited by the shear resistance along the 
grain of the wood used for the adjacent layers. 

Internal stresses resulting from exposure to extremes in rela- 
tive humidity of the surrounding air, or from direct moisture 
contact by the panels, may be minimized to a certain extent by 
proper selection of the thickness ratios for surface and cross- 
layers. Because of differences in dimensional stability of different 
wood species, proper selection of wood-species combinations for 
surface and core layers may result in reduced internal stresses, 
although in many cases, from the manufacturing viewpoint, such 
species combinations may not be considered economically feasible 
or otherwise practical. Internal stresses due to change in mois- 
ture content can be reduced by preventing rapid changes in 
moisture content, by retarding such changes by means of applica- 
tion of coatings or sealers to the wood surfaces, and/or by im- 
pregnating part or all of the wood. 

Data have been established on the influence of (1) various 
thickness combinations for the outer and inner layers of slats, 
(2) various wood-species combinations for the outer and inner 
layers of slats, (8) impregnation of surface slats, on dimensional 
stability and durability of cross-laminated boards and panels 
as indicated in Figs. 1 to 6. To determine these influences on an 
accelerated basis, the test panels were exposed to extreme con- 
ditions, i.e., to repetitive and/or alternating drying at slightly 
below 100 C, and/or soaking at laboratory temperature for 48 
hours. 

The tests were limited to a study of panels of 7 X 7 in. cross- 
laminated with urea-formaldehyde-resin glue and of 12 X 12 in. 
cross-laminated with phenol-resorcinol-resin glue, with total 
panel thicknesses of 75/3. and 11/, in. The wood species investi- 
gated were red, white, and chestnut oak, with the addition of 
yellow poplar for core slats. Most of the wood was clear matched 
material. In interpreting the test results, these limitations 
should not be overlooked. 
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The study was performed in the VPI Wood Research Labora- 
tory, under auspices of the VPI Research Foundation, Inc. , and 
under sponsorship of the Regional Products Research Divieen of 
the Commerce Department of the Tennessee Valley Authority. 


INFLUENCE OF ExposuRE CONDITIONS 


The estimated average moisture content of the principal in- 
terior woodwork in dwellings may vary from 4 per cent in Salt 
Lake City, Utah, to 13.5 per cent in New Orleans, La.* At 
severely exposed locations, such as directly above a noninsulated 
heating unit, the moisture content may decrease to as little as 
1 to 2 per cent and, for example, in humid basements, may increase 
to 18 per cent and more. When the wood is exposed to direct 
contact with water for a relatively long period, the moisture con- 
tent may increase to 30 per cent and more. To determine the 
influence of exposure extremes on cross-laminated oak flooring, 
test panels were exposed 48 hr to drying or soaking, to repetitive 
48 hr of drying or soaking, and to repetitive 48 hr of drying or 
soaking followed by single or repetitive soaking or drying, re- 
spectively, as indicated in Fig. 1. These exposures influenced 
in various degrees the resulting moisture content, causing in- 
ternal stresses of direct influence on durability (see Fig. 2), dimen- 
sional stability (see Fig. 3), warpage and cupping (see Fig. 4), and 
the strength of the glue lines (see Fig. 5). 

The durability and resistance to shear of the glue lines of 7 X 
7-in. and 12 X 12-in. laboratory-assembled panels, as correlated 
to their exposure conditions, is summarized in Tables 1 and 2, 
with ultimate shear-test stresses upon exposure given for the 
moisture content at test and adjusted for 12 per cent moisture 
content. 

The influence of exposure on the glue-line hoax resistance of 
control and of variously exposed 12 X 12-in. oak panels is shown 
in Fig. 6. The data for individual panels are somewhat erratic, 
and adjustments for the influence of moisture content and of the 
angle of annual growth rings to direction of applied shear load 
on the shear resistance of the glue lines might have been justi- 
fied. The general trend, however, of decrease in glue-line shear 
resistance with increase in exposure cycles can be observed. 

For panels conditioned to 9 per cent moisture content, ex- 
posure to 48 hr soaking was more severe than exposure to 48 hr 
drying, because of larger internal stresses within the panels 
during soaking, as evidenced by a larger number of failures of 
soaked than of oven-dried panels. Soaking, however, caused 
softening of the oak which allowed a larger amount of creep 
within the soaked than within the oven-dried plies, thus re- 
sulting in smaller internal stresses in the glue lines and conse- 
quently in less decrease in strength of the glue lines of soaked 
panels than of those of oven-dried panels. The first exposure 
cycle of as many as nine caused extremely large internal stresses 
and major adjustments within the panels, resulting in a large 
percentage of decrease in shear resistance of the glue lines. 
Initial and local failures called for certain releases of internal 
stresses. Hence during exposure after initial and local failure, 
overstressing and further deterioration of the glue lines of test 
panels were only small. One or two complete exposure cycles 
of 48-hr drying or soaking were satisfactorily resisted by almost 
all test panels. 

A limited number of repetitive or reversed exposures were 
withstood by the glue lines and by the wood of the majority of 
properly balanced 11/4 or °5/3-in. oak and yellow-poplar-core 
panels. However, repetitive or reversed soaking cycles caused 
excessive internal stresses even in several of the properly bal- 
anced yellow-poplar-core and veneered panels. Hence the test- 
exposure conditions, with the exception of repetitively reversed 


3 “Moisture Content of Wood in Dwellings,” by Edward C. Peck, 
U.S. Department of Agriculture Circular No. 239, Table 2, 19382. 
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exposure cycles, were not too extreme for properly balanced am 
well cross-laminated oak panels with phenol-resorcinol-resu 
glue lines. Consequently these panels should be satisfactory 
for use even under extreme service conditions. 


INFLUENCE OF TYPE OF GLUE AND SIZE OF PANEL 


Urea-formaldehyde-resin glue lines deteriorate faster during 
exposure to oven-drying and soaking than phenol-resorcinol 
resin glue lines. The strength of urea-formaldehyde-resin gli 
lines, however, may be sufficient to withstand internal stresses 
due to exposure, provided the stresses are not excessive. Te 
determine the extent of these internal stresses and the resistance 
offered to them by urea-formaldehyde-resin glue lines, a series © 
tests were performed on three-ply cross-laminated 7 X 7-in. oal 
panels with Uformite CB-552 glue lines. Internal stresses re. 
sulting from exposure of these panels were of course smallest 
than those in 12 X 12-in. panels cross-laminated with phenol! 
resorcinol-resin glue. Thus the conclusion cannot be drawr 
that 12 X 12-in. panels withstand the same exposure as similaa 
7 X 7-in. panels were found to withstand. 

Urea-formaldehyde-resin glue lines withstood single exposures 
and single-exposure reversals and internal stresses due to these 
exposures in most of the #5/3.-in-thick panels with 1/4 or #/1.-in+ 
thick faces, and in all 25/.-in-thick panels with 1/29 or 1/i5-in 
thick face veneers, but in none of the 1'/,-in-thick test panelss 
A comparison of these data with those for 12 X 12-in. pane! 
cross-laminated with phenol-resorcinol glue indicates that the 
latter glue lines were fully satisfactory even for additional repe: 
titions of» exposure of the larger 1!/, and *5/3:-in-thick tes’ 
panels. A comparison of the strength of the glue lines showy 
that the urea-formaldehyde glue lines and the phenol-resorcinox 
glue lines in the 7 X 7-in. and 12 X 12-in. panels, respectivels 
were found to be approximately equally strong upon similar tess 
exposures. ; 

The relatively high shear resistance upon exposure, and tha 
durability of most of the 7 X 7-in. panels with 1/, and 2/,6-ing 
faces and especially with 14/2) and 1/,.-in-thick face veneers, le 
to the conclusion that the urea-formaldehyde glue lines of panel: 
with thin faces were not overstressed during exposure, and there: 
fore may be entirely satisfactory for three-ply cross-laminate 
7 X 7-in. panels with relatively thin faces, but not for cross 
laminated lumber with thick face plies if to be used under es 
treme service conditions. 


INFLUENCE oF ToTaL THICKNESS OF PANEL 


Cross-laminated panels may be built up to any desirable thi | 
ness and used under extreme service conditions provided tii} 
internal stresses due to exposure are not excessive for the glia} 
lines used. The internal stresses in thicker panels are neces} 
sarily larger than those in thinner panels of otherwise identicé 
construction. By balancing properly the thickness of the ind# 
vidual plies, these internal stresses may be held within satis} 
factory limits. Desirable thickness for flooring without suk} 
flooring has been 11/, in. and standard thickness for flooring 
subflooring has been 5/3. in. Since the principal market fef| 
12-in-wide three-ply cross-laminated panels should be fc 
flooring to be laid without or with subflooring, the study of th} 
influence. of total thickness of the three-ply cross-laminated oall 
panels on the resistance to exposure under extreme service cor 
ditions was limited to 11/, and 25/,. in. thicknesses. I] 

The resistance of phenol-resorcinol-resin glue lines to seve? 
exposure allowed the construction of both 11/, and 25 /s0-in-thic | 
three-ply 12 X 12-in. cross-laminated oak panels which witl 
stood the internal stresses caused by extreme exposure conc 
tions. A comparison of 11/, and 25/3.-in-thick oak test paned 
indicates that panels of both thicknesses resisted equally wei 
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ANY OBSERVATION OF FAILURE INDICATED BY DISCONTINUOUS LINES 


NO OBSERVATION OF FAILURE DURING ALL TEST CYGLES INDICATED BY CONTINUOUS LINES 
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exposure to repetitive oven-drying and subsequent soaking and 
oven-drying, while triple drying cycles, followed by triple soaking 
and drying cycles were resisted only by 25/3.-in-thick panels with 
1/,-in-thick faces. Exposure to repetitive soaking and repeti- 
tive soaking followed by single or repetitive drying and soaking 
cycles was resisted better by the ?5/3.-in-thick panels. 


INFLUENCE OF THICKNESS COMBINATION OF INDIVIDUAL LAMINAE 


Thin face veneers have been glued to thick cores to make 
three-ply cross-laminated panels for furniture and other struc- 
tures which can be exposed to extreme service conditions with- 
out showing excessive warpage or delamination. ‘Theoretically, 
a three-ply cross-laminated panel should have a core of a thick- 
ness equal to 80 per cent of the thickness of the total panel.’’! 
According to this theory, 11/,-in-thick three-ply  cross-laminated 
panels should have a core thickness of 1 in. and a face-veneer 
thickness of 1/, in., while 75/3.-in-thick panels should consist of 
a 5/s-in-thick core and 5/g-in-thick faces. These thin faces 
would not be satisfactory for three-ply flooring panels if not 
impregnated or otherwise treated to withstand wear, To deter- 
mine how thick the faces of three-ply cross-laminated panels can 
be without introducing excessive internal stresses due to expo- 
sure to extreme service conditions, and to obtain data on the opti- 
mum thickness combinations for 1'/, and 25/3)-in-thick panels, 
exposure tests were performed on such panels with thicknesses of 
face plies ranging from '/2 to 3/,5 in. for 1!/,-in-thick panels, 
and from 5/16 to 1/2 in. for %/3-in-thick panels. 


4 Wood Products, vol. 50, July, 1945, p. 12, 
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Internal stresses in 11/, X 7 X 7-in. panels with 1/2, 7/16, */ 
5/16, 1/4, and 3/;,-in-thick faces were excessive for the urea} 
formaldehyde-resin glue lines used. Panels of this thickness ag 
sembled with this glue and thinner faces were not tested. Phenay 
resorcinol-resin glue lines, however, resisted internal stresses i 
many of the 11/, X 12 X 12-in. panels with #/s, 1/,, and 3/61 | 
thick faces, despite the larger size of these panels. All of the 4 
panels showed satisfactory resistance to single and repetitiny 
drying cycles. The construction of 1!/,-in-thick panels | 
1/,-in-thick faces and a 5/,-in-thick core, however, appears to 
the most satisfactory one of the fees thickness combination} 
tested. 

The smaller internal stresses due to exposure in 28 /,.-in-thidlt 
panels, as compared with those in 11/,-in-thick panels, were | 
sisted by the urea-formaldehyde-resin glue lines of many of thi 
exposed 75/3. X 7 X 7-in-thick panels. Stresses in panels wit 
5/1.-in-thick faces were excessive. But stresses in most of ti 
panels with 1!/, or */i.-in-thick faces and in all panels with ut 
or 1/s9-in-thick faces were fully resisted. Most of the 5/3. _ | 
12 X 12-in. panels with phenol-resorcinol-resin glue lines resista} 
internal stresses due to exposure, the panels with 1/,-in-thid 
faces being somewhat more satisfactory. | 


INFLUENCE oF HaRpDWwoop AND Sorrwoop SpEcIEs ror Cor eth 


Internal stresses in cross-laminated panels, resulting froc 
differences in the dimensional instability of the laminae para 
and perpendicular to their fibers, may be reduced by using fi 
the cross-ply those wood species which have a relatively Ici 


129 


beach $Y z 
SP i 4 
"res ef = ‘ kK 
2 : 
ee i 
g02 an 
ja a 
8 iy fs oy F 
Qt a me ap) mle? 
ea oY « 
ne ta ae 
iy & é Za wn VU bh 
ee WE =< ie 
= mie ope 40 v a 
: On § 
e —— a z = fy E 
= —— sono ge ON ae 
~ ae ol ene Os Lil = 
: ie SOUS OES so wR SOMsO me | 
z pd 2.98 “WS Oo 8 8 Fk Z 
=| + 
2 ase ISd N|SSSYIS YVSHS SOVYSAV 4 
os Dee : . = 
e Fels & : ae 
9 3 mio C a 1 Pitts 
a -t a) ' Paes 
: SSS SS SS 58 a wa oF § 
= | ot ¢ UJ 4 a 
oe) uM rit ay sw gu 6 tn OU 
cd < cag <4 ral 4 LJ B 
2 ‘ab eeZ pw Ta 5 
2 | aq mie 8 © 2220 
al SS SSS ee ap east eas nm 6 
gl) == — ae aa 18 
ee LJ 7 ste wie fe < 
gx _oZ B SS8 ih a z 
ass Bos. 2 @ a5 PP z 
Qiojs W-it, & © 6) 
ee3 Na O42, 08 Bote S N= POMS Oe SO ues FAG “ 
max ee 5 & 
Zesiey = Ss ala é ISd NI SSSYLS YVSHS SOVESAV : 
Oy TS) Cae a) S ees 2 7 z 
O 5 re) 
BC ase eee atti é 
ISd NISSBYLS YVSHS oe 2 : 


130 


TABLE 1(a2) DURABILITY OF 7 X 7-IN. PANELS 


25/32" 


Oak 


TRANSACTIONS OF THE ASME 


FEBRUARY, 194% 


Faces| Core 
in. is 


Test 
Panel 


1-1/h" 
Oak 


XOX XXX 


25/32" 


Oak 


Y.P« 
Core 


Ve- 
neered 


Keys 


= Drying 

= Soaking 
= No observation of failure -upon exposure 
= Observation of failure upon exposure 


COxnNUD 


modulus of elasticity in shear parallel to the fibers. In the case 
of 3-ply laminated or cross-laminated balanced flooring, the 
damping capacity of the flooring can also be increased by using 
material with high damping capacity for the core of the panel. 
By yielding slightly, spruce or fir in the center ply of laminated 
lumber relieves some of the internal stresses, thus reducing the 
tendency to rupture in or along the glue lines. Virginia pine, 
soft maple, yellow poplar, cottonwood, buckeye, and other soft- 
wood species have been recommended for this purpose. Ready 
availability of these species in the same general vicinity of the 
over-all logging operations for the oak to be used for the face plies 
is of course a necessity from the economic viewpoint. 

The possible advantages of the use of a soft core wood led to 
the performance of a series of tests to determine their value as 
core material in 3-ply cross-laminated flooring. Experiments 


were performed on *5/3-in. cross-laminated panels with 9/32. 


and 13/5.-in-thick yellow-poplar cross-laminated cores between 
1/, and 3/,.-in-thick oak faces, respectively. 

During the 48-hr test period, these panels were dried out ap- 
proximately just as much as the other all-oak panels under in- 
vestigation, while the water absorption of yellow-poplar-core 
panels was only slightly, if any, larger than that for all-oak panels. 

The durability of the yellow-poplar-core panels was limited 
by the shear resistance of the yellow-poplar to the internal 
stresses caused by exposure, as fully satisfactory glue lines be- 
tween yellow-poplar core and oak faces could be obtained, evi- 
denced by 100 per cent yellow-poplar shear failure in shear tests, 
and by consistent yellow-poplar shear failure, if any, for the test 
panels. The FPL shear-parallel-to-grain strengths (corrected 
for 12 per cent moisture content) of 1100 and 2000 psi, respec- 
tively,® for yellow poplar and white oak compare with corrected 
shear-strength data of 575 and 1190 psi for cross-laminated test 


5 “Strength and Related Properties of Woods Grown in the United 
States,” by L. J. Markwardt and T. R. C. Wilson, U. S. Department 
of Agriculture Technical Bulletin No. 479, Table 1, 1935. 
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specimens sawed from 5/;.-in. oak-faced panels with yellow-poplas 
and oak cores, respectively. Thus the shear-parallel-to-graiil 
strength of yellow poplar is 55 per cent of that of white oak, ane 
the strength of the yellow poplar cross-laminated to oak is 48 pet 
cent of that of oak cross-laminated to oak. The shear-strengtt 
values for cross-laminated yellow-poplar-core and all-oak panel! 
are 48 and 40 per cent smaller than for the respective wooo} 
species. 

None of the yellow-poplar-core panels exposed to either a sing! 
drying or soaking cycle showed any wood or glue failure. Thi 
more balanced panels with 13/3:-in. cores also withstood repetif 
tive drying and soaking, and even single reversals of exposury 
from drying to soaking, while some of the less balanced panel} 
with °%/3.-in. cores showed incipient failures during their repetitiy 
exposures. All yellow-poplar-core panels failed, however, ups} 
repetitive soaking or repetitive drying followed by single or 
petitive soaking. : 

The dimensional stability of cross-laminated yellow-poplar: 
core panels, parallel to the grain direction of the oak faces, wad 
found to be somewhat greater than for the corresponding all 
oak. On the other hand, the dimensional stability of thesd 
panels perpendicular to the grain direction of the oak faces was 
somewhat smaller than for the corresponding all-oak panels. 

The over-all warpage and cupping of the yellow-poplar-corip 
panels were the minimum to be expected for the exposure extreme 
to which the panels were subjected and were smaller than for thi 
corresponding all-oak panels. This relation held even upon oti 
servation of initial local shear failures which resulted in limite | 
release of restraint to warpage and cupping. Hence 25/s:-in 
thick oak panels with a cross-laminated core of clear yellow por! 
lar can be considered to remain flat under normal exposure co 
ditions and satisfactorily flat even under the more extrem) 
conditions which do not call for advanced shear failure of thb 
core. 


The test observations led to the following conclusions: (a 


i} 
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TABLE 2(a2) SHEAR RESISTANCE OF GLUE LINES OF 7 X 7-IN. PANELS IN PSI 


Test 
Panel 


25/32" 
Oak 


1040 


TABLE 2(b) 


1-1/4" 
Oak 


25/32" 
Oak 


Niebie 
Core 


Ve- 
neered 


1-1/)," 
Oak 


25/32" 
Oak 


MAH 
Core 


Ve= 
neered 


Key: D = Drying 
= Soaking 


}5/s.-in. cross-laminated panels with a 1%/3:-in. yellow-poplar 
sore withstand more extreme exposure conditions than those with 
ly °/32-in. yellow-poplar core; (2) panels with a core of either 
bhickness withstand extreme exposures satisfactorily, provided 
these exposures are not repetitive; and (3) panels with 13/z:-in. 
bore withstand even extreme repetitive exposures, provided they 
lure not repetitively reversed from one extreme to the other. The 


Darallel to the grain of cross-laminated yellow poplar is insuffi- 
tient to withstand the most extreme exposure conditions which 
jnay occur in service. Therefore it appears that soft hardwood 
pecies similar in their characteristics to yellow poplar can be 
fused satisfactorily as core material in cross-laminated panels, 
jprovided (1) the core is not too thick, (2) the thicknesses of the 
wo surface plies are well balanced, and (3) the finished product 
iS not exposed to too extreme conditions. 


INFLUENCE OF TREATMENT OF FACES 


In the preliminary tests on the 7 X 7-in. cross-laminated 
panels, it was determined that a minimum of internal stresses 
aused by exposure, to the test extremes, hence maximum re- 
#istance to failure, could be assured if the faces consist of thin 
jaminae. In the case of flooring, the top face must be planed 
ind sanded, and must be thick enough to withstand considerable 


Control 


sn aes tes 


or hoisture Content at Test 


Control 


Exposure Cycles 


ao 


Acjustec for 12 Pct.Moisture Content 


9L0 
1200 
990 


SHEAR RESISTANCE OF GLUE LINES OF 12 X 12-IN. PANELS IN PSI 


Exposure Cycles 


Test ontrol | ___Exposure Cycles [Exposure Cycles 
Panel | Faces| Core | | Panel [D orDD] DDD [DLDS| LLDSD PLSD |S arSS] SSS | SSSD | SSSDST SSSDS 
te Eee SDSD +DSLs 


Underlined values for panels showing test failures 


wear and possible resanding after use and abuse. If thin veneers 
are to be used for the top face of 3-ply cross-laminated flooring, 
they should be treated to increase their resistance to wear. Such 
treatment would also somewhat stabilizé the dimensions of the 
faces and provide a moisture sealer, a feature desirable for re- 
tarding fluctuations in moisture content of the panels and, con- 
sequently, for decreasing sudden temporary extremes in internal 
stresses due to exposure. Simultaneously, such treatment may 
allow final finishing of the flooring during the assembly bonding, 
by polymerizing the impregnating material with the pressure and 
heat required for setting of the glue lines. Veneers can be sawed 
smoothly enough to allow satisfactory bonding without sanding. 
Hence !/3 and 2/;.-in-thick sawed veneer, sanded only on the one 
side exposed to view upon cross-laminating, were selected for the 
tests. These veneers were impregnated with Du Pont’s “‘Ar- 
boneeld.’’ However, other possibly more satisfactory materials 
might have been used, particularly since more complete pene- 
tration and better wear resistance of the surface would have 
been desirable and since a very high pressure must be applied to 
Arboneeld-impregnated wood to obtain the desirable glossy 
surface finish. Many of the tapelessly spliced joints of the 
veneers failed during drying after impregnation because of un- 
equal shrinkage of the veneer strips. Hence many of the faces 
consisted of two individual veneer strips, not of a single veneer. 
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Cross-laminated oak panels with impregnated face veneers 


revealed satisfactory resistance to the single, repetitive, and re- . 


versed exposures of 48-hr drying and soaking. Many of the 
panels withstood the internal stresses due to exposures and did 
not show any failures. Most of the exceptions were panels with 
spliced faces with thicknesses of adjacent veneers varying too 
much to allow a satisfactory bond along the edges of adjacent 
veneers. Sanding of the veneers after instead of before impreg- 
nation would have resulted in a more uniform thickness and 
probably would have eliminated local glue-line failures along 
face joints during exposure. The impregnated face veneers did 
not show any checks, while the relatively thick untreated core of 
some of the panels checked considerably during repetitive ex- 
posures. Drying and moisture absorption of the panels during 
exposure were considerably retarded, if compared with those for 
panels with nonimpregnated faces. While, for instance, the 
moisture content of the latter panels upon repetitive 48-hr soak- 
ing reached values as high as 30 per cent, the moisture content of 
the panels with impregnated faces of 1/s and 3/,, in. thicknesses 
rose to no more than 19 and 25 per cent, respectively. 

Shrinkage and swelling of panels with impregnated face 
veneers was reduced some, but did not differ greatly from other 
all-oak panels withstanding the extreme exposure cycles. How- 
ever, no such extreme shrinkage and swelling could be observed 
for the former panels as was found for some of the latter panels. 
Better stabilization might have been obtained with more com- 
plete impregnation of the faces. Because of the uniformity 
in change in dimensions without any extremes, even the ob- 
served degree of stabilization can be considered advantageous, 

The observed warpage and cupping during exposure of panels 
with impregnated and nonimpregnated faces were very similar. 

The average shear resistance of the glue lines between im- 
pregnated oak veneers and the nonimpregnated oak core of two 
nonexposed 25/3:-in. cross-laminated panels was 1170 psi and, cor- 
rected for 12 per cent moisture content of the wood, was 970 psi. 
These values compared with 1355 and 1190 psi, respectively, for 
?5/30-In. cross-laminated oak panels, and with 655 and 575 psi, 
respectively, for 5/3:-in. cross-laminated yellow-poplar-core 
panels, The average shear resistance for 20 exposed panels was 
940 psi and, corrected for 12 per cent moisture content, was 740 
psi. Thus the resistance was respectively 20 and 26 per cent 
smaller than for the nonexposed panels, and compared with 1170 
and 980 psi, respectively, for the all-oak panels, and with 605 and 
520 psi for the yellow-poplar-core panels. 

The increased difference in dimensional stability between im- 
pregnated faces parallel to their grain and the nonimpregnated 
core perpendicular to its grain, as compared with the difference 
in panels with untreated faces, resulted in large internal stresses 
due to exposure and may be the reason for the large (20 and 26 
per cent) decreases in average strength of the exposed glue lines. 
These values compare with the reported 14 and 18 per cent de- 
creases for the all-oak panels, and the 7 and 10 per cent decreases 
for the yellow-poplar-core panels. Since many of the panels 
with impregnated faces withstood the extreme exposure condi- 
tions, the limited shear resistance of the glue lines must have been 
sufficient to offset the internal stresses due to exposure. 

The information obtained for the 3-ply cross-laminated test 
panels with impregnated face venecrs indicates that such panels, 
even if subjected to extreme service conditions, should satis- 
factorily resist any internal stresses resulting from exposure, 
provided these panels were properly assembled. 


INFLUENCE oF MANUFACTURING CoNDITIONS 


To obtain comparative data for laboratory-assembled and 
TVA-manufactured 3-ply cross-laminated all-oak flooring, 
5/4 %X 12 X 12-in. panels with 3 plies of uniform thickness 
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‘the laboratory- and TVA-assembled panels, 


FEBRUARY, 1945 


and hot-glued in the continuous TVA press were subjected te 
exposure simultaneously with similar panels cold-glued in the 
laboratory. Preliminary test data indicated that entirely satis 
factory glue lines can be obtained with the phenol-resorcin»! 
glue if used either hot or cold, provided proper gluing procedures 
are followed. Thus a direct comparison can be made between 
although the 
oak used for the two panel series was not matched. The VFI 
panels were made from oak having a moisture content of approx 
mately 9 per cent. The TVA panels were assembled with: 
conditioned slats having a moisture content of approxi 
mately 6 or 9 per cent, in order to determine the benefit, if 
any, of lower or higher moisture content of the oak during its 
assembly. 

The testing of the panels produced in the TVA pilot plan 
revealed that there was some discontinuity of glue lines, som» 
appreciable variation in slat thickness between adjacent slats: 
and some use of oak of insufficient strength for the core material | 
These deficiencies became apparent in localized failures during; 
the exposure tests. Plans are being made at the plant for cor~ 
recting these deficiencies. Stress concentrations due to éx+ 
posure along the glue lines adjacent to the localized glue-line 
deficiencies resulted in glue-line failures, defective panels, rela; 
tively large dimensional instability, and excessive warpage anc{ 
cupping. The use of rubber glue-spreader rolls, the installatior 
of restraining rollers of decreased width in the feeding mecha- 
nism of the TVA press, closer control of slat thickness, anc 
elimination of decayed and low-strength slats for core material 
should alleviate the deficiencies found in the TVA panel 
and make them suitable for use under conditions in which ever 
abnormal exposures are expected. 

The glue lines of the unexposed panel assembled with sla: 
having 9 per cent moisture content were 14 per cent strongee 
than those of the unexposed panel assembled with slats having 
6 per cent moisture content. On the other hand, glue lines 
the exposed panels assembled with slats having 9 per cea 
moisture content were 17 per cent weaker than those of thw 
exposed panels assembled with slats having 6 per cent moisti 
content. A comparison of the glue-line strength of unexposee 
and exposed panels indicates decreases in strength of 7 and 33} 
per cent for panels assembled with slats having 6 per cent and !f 
per cent moisture content, respectively. These data compar 
with a decrease in strength of 12 per cent due to exposure fq 
the corresponding laboratory-assembied panels. 


A comparisea} 
of the glue-line strength data for TVA hot-glued and VP4 
cold-glued panels indicates that the unexposed TVA panel 
assembled with slats having 6 and 9 per cent moisture ¢ J 
tent were 6 per cent and 21 per cent, respectively, strong S| 
tively, 12.5 per cent einer and 6 per cent weaker ian the VP 1 
panels. | 

It is doubtful whether valid comparisons can be made of thi 
foregoing data on the strength of the glue lines, because of thi] 
variation in thickness and discontinuity of the glue lines, an 
particularly because of stress concentrations due to discontinuitif} 
both during exposure and testing. Although the glue lines cf 
hot-assembled: panels were expected to be approximately 9 pe | 
cent stronger than those for cold-assembled panels, according t | 
preliminary test data, and although the glue lines for the TV, 
panels were not continuous throughout the width of the pane} 
and test specimens, the data indicate the completely satisfactori 
polymerization of the glue lines in the continuous press a al 
during subsequent storage conditioning. Even for the localll’ 
strong bond, however, the glue-line stress concentrations durin! 
exposure were excessive because of the discontinuity of the glu 
lines. Thus more or fully continuous glue lines for the TV! 
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assembled panels should fully eliminate the occurrence of any 
zlue-line failures on exposure to extreme service and laboratory 
sonditions. 


CONCLUSIONS 


‘Exposure conditions which may occur in service were found to 
de a limiting factor for the cross-laminating of oak. Exposure 
0 48-hr soaking of panels previously conditioned to 9 per cent 
moisture content was more severe than exposure to 48-hr 
ven-drying at 97 C. One or two complete exposure cycles of 48-hr 
‘ying or soaking were withstood by almost all properly balanced 
wd assembled 1!/, and 25/;:-in-thick panels cross-laminated 
with phenol-resorcinol-resin glue, while a limited number of re- 
detitive or reversed exposures were withstood by the majority of 
hose panels. Hence such panels should be satisfactory even 
inder extreme service conditions. : 
' Phenol-resorcinol-resin glue proved to be more desirable than 
rea-formaldehyde-resin glue for cross-laminating panels sub- 
jected to extreme exposure conditions. For panels with a 
num of internal stresses due to extremes in exposure, such 
s thin cross-laminated panels with thin face plies, urea-formalde- 
) iyde-resin glue can be used satisfactorily. 

The thickness of the cross-laminated panels influenced the re- 
i Thus 1!/,-in-thick panels, assembled 


‘bf the 25/s.-in-thick panels, assembled with this glue, proved to 
pe satisfactory. Better resistance to exposure also was found for 
§/s-in-thick panels cross-laminated with phenol-resorcinol- 
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resin glue than for 11/,-in-thick panels, assembled with this 
glue. 

Thin face veneers proved to be exceedingly satisfactory for 
3-ply cross-laminated panels exposed to extreme conditions. 
However, if in order to provide greater surface-wear life, thicker 
faces are a requirement, for 11/,-in-thick panels, the combination 
of 1/,-in-thick faces and a 3/,-in-thick core may be the most 
satisfactory one of those tested; and for 25/3-in-thick panels, 
the combination of 1/,-in-thick faces and a %/s:-in-thick core 
might be preferable to the one with #/;-in-thick faces and a 
13/3.-in-thick core. 

Yellow-poplar-core panels with oak faces could be assembled 
and withstood exposure satisfactorily, provided the core was not 
too thick, the thicknesses of the two surface plies were well 
balanced, and exposure was not too extreme. Thus the com- 
bination of a soft hardwood core and oak faces was found entirely 
feasible for 3-ply cross-laminated panels with an over-all thick- 
ness of 25/3. in. 

Impregnation of thin face plies can be advantageous as re- 
gards resistance to exposure of the cross-laminated panel. 

Laboratory-assembled panels proved to be more satisfactory 
than those glued up in the continuous press of the Tennessee 
Valley Authority because of certain deficiencies in the assembly 
of the latter panels. Since these deficiencies can be eliminated 
easily, and consequently fully satisfactory glue lines can be 
obtained, panels properly manufactured with the continuous 
press should withstand such exposure as may occur even under 
extreme service conditions. 


_ The tension strength of several cross sections containing 
holes of several diameters in several positions of eccentric- 
ity have been determined experimentally for aluminum 
alloys 24S-T, 75S-T, and 14S-T. A mathematical expres- 
sion is suggested for the relationship between strength, 
hole size, and eccentricity of hole. The relative stress 
notch sensitivity of the three aluminum alloys is found 
to be the same with eccentric holes as had been reported 
for central holes or external notches. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


_E = eccentricity, dimensionless 

z = fraction of cross-sectional area removed by a hole, dimen- 
sionless 

8 = distance from axis of hole to original center of the section, 

in. 

_ e¢ = width of the section parallel to s, in. 

S, = ultimate strength of material without holes, psi 

S, = ultimate strength of a specimen containing a hole, psi 


5 (1—2)8S, 
= ee 


(gross area efficiency), dimensionless 


Yo = y value of a central holed specimen, dimensionless 

m = constant 

n = constant 

e = base of natural logarithms e 
A = logwe 

p = constant 

u = constant 

» = constant 


GENERAL 


Spar caps containing large bolt holes are becoming more 
common in aircraft wing construction. A knowledge of the 
static strength of a section containing an eccentric hole and a 
comparison of spar cap materials in this condition are quite 
desirable. Moseley? has studied this problem and has indi- 
cated a need for further investigation. He also has indicated 
the presence of a “‘size effect”’ in his test results. 

Further studies of this problem are now reported, seeking to 
clarify the following points: 


1 Can the “‘size effect”’ be evaluated? 

2 Can the effect of hole eccentricity be mathematically 
evaluated in a manner similar to the evaluation of “notch 
strength’ advanced by one of the authors?* 


1 Douglas Aircraft Company, Inc. : 

2“Notch Effects in High-Strength Aluminum Alloy Spar Caps,” 
by D. L. Moseley, Journal of the Aeronautical Sciences, vol. 13, 1946, 
p. 397. ; 

3 ‘Notch Sensitivity of High Strength Aluminum Alloys—Theo- 
-etical Aspects,” by L. Schapiro‘and H. E. North, Journal of the 
Aeronautical Sciences, vol. 13, 1946, p. 391. 

' Presented at the Aviation Division Meeting, Los Angeles, Calif., 
\May 26-29, 1947, of Tar AMERICAN SOCIETY OF MercHANICAL EnaI- 
NEERS. : ‘ é 

| Nore: Statements and opinions advanced in papers are to be 
limderstood as individual expressions of their authors and not those 
bf the Society. 


Stress Notch Sensitivity With Eccentric Holes 


By L. SCHAPIRO,! anp R. H. ESLING,! SANTA MONICA, CALIF. 


3 Is the evaluation of notch strength thus advanced? in- 
valid for central holes, as reported by Stevenson?‘ 


MaTERIALS AND SPECIMENS 


Aluminum alloys 148S-T, 75S-T, and 24S-T were studied. A 
complete test series was conductéd for 24S-T alloy only, since 
previous tests rated it the most stress-notch-sensitive of the 
three alloys. By ‘‘stress notch sensitivity” the authors refer 
to a parameter that indicates the effect of a notch, or any section 
discontinuity, upon the static ultimate stress of the material. 
The relationships disclosed for this alloy were spot-checked with 
the other two materials. 

The complete test series comprised six different cross sections 
from 1/29 sq in. (0.10 X 0.50 in.) to 4.5 sq in. (1.50 X 3.00 in.), 
three hole sizes of 10, 20, 30 per cent removed area, and two 
positions of eccentricity in addition to central holes. Each 
specimen geometry, evaluated for each alloy, was tested in dupli- 
cate. 

The complete test series for the 24S-T alloy 
was not obtainable from one lot of material. 
The two lots used were of somewhat differ- 
ent properties. For one lot, mean ultimate 
strength (of eight tests) was 69,250 psi with 
mean 2-in. elongation 14.7 per cent; for the 
other lot, mean ultimate strength was 69,800 
psi with mean elongation 17.3 per cent. The 
variation in ductility of the two lots of ma- 
terial is believed to affect the stress notch 
sensitivity, and test results are co-ordinated 
with material batch. 

Test specimens were of the customary 
shoulder type with the parallel-sided portion 
2 in. or longer. Fig. 1 illustrates a speci- 
men with an eccentric hole. 


Meruops or TEst 


Loading. Static tension loading to rup- 
ture was performed in either of two Baldwin- 
Southwark hydraulic testing machines (ca- 
pacities 60 kips and 400 kips, respectively) 
equipped with Tate-Emery weighing systems. 
Specimens were held in the test machine by 
means of wedge grips. Special care was used 
in aligning a specimen visually during grip- 
ping to obtain axial loading. Specimens 
were loaded hydraulically at a rate in the 
elastic range (an autographic 2-in. non- 
averaging extensometer was attached to each specimen) of 1 
per cent strain per min, and in the plastic range of 30 per cent 
strain per min. 

» Load Measurement. Maximum load was read from the Tate- 
Emery recorder for all specimens which fractured instantane- 
ously across the entire section. Some specimens with eccentric 
holes, especially at the larger eccentri¢ity values, first fractured 
across the smaller section only. At this first fracture the load 
dropped automatically (with redistribution of strain), and then 
increased until the remaining section fractured. In some cases 


Fig. 1 GENERAL 
SHAPE OF TEN- 
SION SPECIMEN 
With Eccen- 
TRICALLY Posi- 
TIONED HoLE 


4“The Effects of Open Holes on the Tensile Strength of Some 
Aluminum Alloys,’”’ by C. H. Stevenson, Journal of the Aeronautical 
Sciences, vol. 13, 1946, p, 395. 
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the load at second fracture was higher and in some cases lower 
than the load at first fracture. For such specimens, first frac- 
ture load was used for the ultimate strength value. 

Computations. Ultimate strength is computed in all cases as 
maximum load divided by initial area. For specimens con- 
taining holes, initial area is considered as cross-sectional area 
calculated from outer dimensions less area of hole. For speci- 
mens with holes, the ultimate strength so calculated is termed 
notched strength. 

No standard method of expressing eccentricity is extant. 
Moseley’s eccentricity expression is convenient and quite suita- 
ble.2 Eccentricity is expressed as the ratio of the shift of the 
center of gravity of a cross section (due to the presence of a hole) 
to the original width (measured parallel to the direction of the 
shift of the center of gravity). It can be shown that this defini- 
tion can be expressed as 

z s 


a De ah hi POLAR IO c 1 
1—z c O] 


With this manner of expressing eccentricity, its largest value 
would occur when the edge of a hole is at the edge of a specimen. 
For this maximum eccentricity, the numerical value decreases 
from 0.5 as the hole diameter decreases. Fig. 2 illustrates this 
eccentricity parameter and could be used by other interested 
investigators. By way of example, a specimen having a hole 
diameter that is 0.2 of the specimen width with the hole eccen- 
trically positioned so that its center is displaced from the speci- 
men axis by 0.2 of the specimen width would be assigned an 
eccentricity of 0.05. 

Plots are made of notch-strength ratio versus eccentricity for 
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constant removed areas, and a three-dimensional plot relating 
notch-strength ratio, removed area, and eccentricity is con- 
structed. An equation is derived for the three-dinzensional 
surface of relationship, and a physical significance of the con- 
stants in the equation is suggested. The stress notch sensitivity 
of the three test materials is compared on the basis of the con- 
stants of their respective equations of relationship. Notch- 
strength ratio, [(1 — z)S,]/S,, is plotted instead of notched 
strength as a more definite relationship with the other factors 
is established thereby. 


RESULTS AND DIscuSsSsION 


Central Holes. Test data for central holes in 24S-T material 
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are plotted in Fig. 3 to reveal size effect of cross section. FRe 
each hole size (i.e., constant fraction of removed area), the notek 
strength ratio, [(1 — z)S,]/S,, appears to decrease with iz 
creasing area of cross section (dotted lines in Fig. 3). Wher 
however, the test data are considered in terms of the two dis 
tinct lots of test material (as previously described), a constane 
of notch-strength ratio seems evident without a size effect (soli 
lines in Fig. 3). This interpretation of the test data, to rule ow 
size effect, appears to be substantiated also by the results of th 
eccentric-hole tests. Replotting the data of Fig. 3, without siz 
effect, further emphasizes the difference between the two lots « 
test material, Fig. 4. The relationship between notch strengt 
and notch depth for these two lots is approximated by the equs 
tions 


yo(24S-T) = 0.912e-%-4042 (Lot No. 1) 
yo(24S-T) = 0.862e—-49242 (Lot No. 2) 


which are of the form 
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{t should be noted that for central holes the value of m is not 
nity, as one of the authors had previously indicated.* Fig. 4 
corroborates the data reported by Stevenson.‘ Spot-check data 
for 14S-T and 75S-T, with one cross section only, are presented in 
|Fig. 5 and are approximated by the respective equations 


yo(148-T) 
yo(758-T) 


1 Ole. 48642 


1.00e-°- 445Az 


The constants m and n of Equation [2] both serve as an index of 
tress notch sensitivity and may be physically interpreted in the 
Yollowing manner: mm is an index of the stress notch sensitivity 
f a material ‘‘to the presence of an infinitely small” central hole; 
is an index of the stress notch sensitivity of a central 
oled material ‘‘to increasing hole size.” It would thus appear 
shat the strength of alloys 14S-T and 758-T is not sensitive to a 
entral hole (m is approximately unity for both) but that alloy 
4S-T is markedly sensitive to a central hole (average m 0.887). 
ll three alloys are of nearly equal sensitivity to increasing 
1ole size of a central hole. 

It may also be said that the effect of the presence of a central 
iole is greater than the effect of hole size on the strength of 
hese alloys (the variations of m are greater than the variations 
fn). 

Eccentric Holes. Test results with eccentric-holed specimens 
re presented in Figs. 6 to 8, inclusive, for the two lots of 248-T, 
nd in Figs. 9 and 10 for the spot-check tests with 14S-T and 
58S-T. The 24S-T results indicate no size effect but a definite 
ifference between the two lots of material. 

Parabolic curves of the form 


E? = —Ap (y — Yo)... eee eee cece [3] 


re fitted to the test data, and the relationship between p and 
'& for each material is determined graphically. The relation- 
jhip is indicated in Fig. 11 for all test materials and is of the 
jorm 


ai = 


jotal relationship between notch strength, hole size, and eccen- 


; | os 
£ 3 
= —nAz — — | —— —_—_ 
A ag (3) 


‘he three-dimensional relationship represented by Equation 
] is illustrated in Fig. 12 for the 24S-T material (lot No. 1). 
“he constants m, n, u, and v of Equation [5] are all material 


SCHAPIRO, ESLING—STRESS NOTCH SENSITIVITY WITH ECCENTRIC HOLES 
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(Solid curves are best fits to data; dotted curves are plotted from Equation 
[ Solid points are two coincident test results.) 
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constants with some physical significance. The constants m and 


. nm are the same ones discussed for central holes and retain the 


same physical significance with eccentric holes. The additional 
material constants u and » may be physically interpreted in the 
following manner: » is an index of the stress notch sensitivity of 
an infinitesimally holed material to increasing eccentricity; 
u is an index of the effect of hole size on v. 

A tabulation of the Equation [5] material constants for 248-T, 
148-T, and 75S-T aluminum alloys is presented in Table1. From 
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Fig. 10 Notcu-StrenctH Ratio or Eccrentric-Hotep 75S-T 
\ (All notations as per Fig. 6.) 


these constants it may be concluded that alloy 24S-T is more 
stress-notch-sensitive than alloys 14S-T and 75S-T in respect 
to a central hole or an eccentric hole. Alloys 148-T and 75S-T 
are of nearly equal stress notch sensitivities in respect to a cen- 
tral hole but alloy 75S-T is somewhat more sensitive to an eccen- 
tric hole. 


CoNcLUSION 
The authors’ attempt at approximating notch-strength data 


TABLE1 STRESS NOTCH SENSITIVITY MATERIAL CONSTANTS 
Constants 148-T 75S-T 24S-Te 
m, index for central hole..... 1.01 1.00 0.887 
- n,index for increasing hole 
size of central hole...... 0.486 0.445 0.486 
v, index for eccentricity...... 0.026 0.0005 —0.007 
u, index of hole size effect on 
Saisie Coe Otncn Monee 0.062 0.075 0.14 


@ Mean value for Lots Nos. 1 and 2, 
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by a mathematical formula and using the constants of such } 
formula for comparing materials has been performed in the hop‘ 
that other investigators may seek to apply the formula to othe: 
metals and thereby make a small step forward in basic knowl 
edge. A mathematical valuation of stress notch sensitivity} 
may relate to a corresponding valuation for ‘‘brittleness” anel 
‘“triaxiality.” | 
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Bome Bitects of Pressure Loss on the 
Open-Cycle Gas-Turbine 


Power Plant’ 


_ J. K. Sauispury.? The writer was interested to compare the 
esults obtained by Messrs. Yellott and Lype with those ob- 
ained by methods which he presented in a discussion of a paper 
siven before The Society of Naval Architects and Marine Engi- 
veers. When corrected for the slightly different viewpoint 
jaken by the authors, the agreement between the two results is 
excellent: The authors have found, for certain conditions, a de- 
srease in thermal efficiency of 9.5 per cent, which corresponds to 
m increase in fuel rate of 10.50 per cent, while the writer’s 


1By J. I. Yellott and E. F. Lype, published in the November, 
947, issue of Trans. ASME, vol. 69, pp. 903-911. 

2 General Engineering and Consulting Laboratory, General Elec- 
ric Company, Schenectady, N. Y. Mem. ASME. 

3 ‘**A Marine Gas Turbine Plant,’’ by C. R. Soderberg, R. B. Smith, 
nd A. T. Scott, Trans. The Society of Naval Architects and Marine 
Ingineers, vol. 53, 1945, pp. 249-289. 


QUTPUT AND FUEL RATE OF SIMPLE GAS TURBINE 
EYCLE, |-O-», 


NOTES: 

|. LOSSES FOUND FROM THESE CURVES ARE 
CLOSELY APPROXIMATE FOR OTHER CYCLES. 

2.1% PRESSURE DROP EXISTS ACROSS ANY 
RESTRICTION IN THE PLANT HAVING .99 
PRESSURE RATIO. 

3. VARIOUS PRESSURE DROPS MAY BE ADDED 
TO GET OVERALL EFFECT, TO A FIRST 
APPROX! MATION. 


PPROXIMATE EFFECT OF PRESSURE DROP ON NET © 
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Discussion 


method indicates a loss of 10.54 per cent. The curves from the 
original discussion are reproduced herewith, in the thought that 
they may be of general interest, together with an outline of their 
derivation. 

A few differences in viewpoint exist between the authors’ 
method of approach to the problem, and that used by the writer 
in the curves shown in Fig. 1 of this discussion. For example, 
the authors regard the pressure ratio across the compressor to be 
the constant one, and they conceive that pressure drops across 
any restriction between the compressor and turbine reduce the 
turbine pressure ratio. The writer has considered that the tur- 
bine pressure ratio is fixed, and that pressure drops between com- 
pressor and turbine cause an increase in the compressor pressure 
ratio. In actual fact, the authors have changed both the turbine 
and the compressor pressure ratios when pressure drop is intro- 
duced into the cycle, in order that under both conditions the cycle 
pressure ratio is at its optimum value. This fact, however, does 
not affect the check between the authors’ result and the writer’s 
result to any appreciable extent, because of the flatness of the 
efficiency or fuel-consumption curve in the vicinity of the opti- 
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mum pressure ratio; it is this fact which enables the excellence 
of check between the two results. 

There is some question as to whether the authors’ implication 
that pressure-drop loss is the difference in performance at the 
respective optimum pressure ratios is a desirable definition. It 
certainly is correct, and for one who is choosing design conditions, 
it is probably the proper one. However, another equally reasona- 
ble, and somewhat simpler, viewpoint is to consider it as the loss 
caused by introducing pressure drop in the system at essentially 
constant cycle pressure ratio, as the writer prefers to do. A re- 
striction may be introduced into the duct between turbine and 
axial-flow compressor with no change in turbine pressure ratio 
(justifying the viewpoint of constant turbine pressure ratio, as 
opposed to constant compressor pressure ratio, because no physi- 
cal change in the machines is required), and one result is an in- 
crease in fuel consumption. This increase in fuel consumption 
is the loss due to pressure drop. It is not only easily defined, 
but is easily checked by test, and frequently is the one in which 
users of gas turbines will have greatest interest. 

The writer’s originally published data claimed only that the 
results were approximate, that is, they were based upon the slope 
of the loss curve at zero pressure drop, having been obtained by 
differentiation, whereas there is an appreciable increase in the 
rate of loss at the higher pressures, which is not covered by this 
method. The following outline of the derivation provides an ex- 
act method, from which the approximate method easily may be 
derived; the nomenclature is apparent from the context, and all 
values are for a flow of 1 lb per sec of air. The fuel rate of a gas- 


turbine power plant is equal to the fuel burned divided by the. 


net power 
ij = 


A general expression for the fractional change in fuel rate may 
then be found 


AF AF AW 
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If we designate by FR the ratio of turbine gross output to net 
power, then the ratio of compressor power to net power is equal 


to (R — 1). It may easily be shown that this is given by 
i compressor power 
(pode ee ee [3] 
tnem = 1 é Ww 
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in which 


turbine inlet temperature ? 
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grees F, absolute) 


and the efficiencies are those of the compressor and turbine, re- 
spectively. 

Consider now the fractional change in net power. 
ent that since 


It is appar- 
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AW AW, 
— = SAR = Dei acto 4 
= W, ( ) l 
and also that | 
| 
A 
af = ae (neglecting An,).....--- 5 18 


It may easily be shown that for any increase in compressor pres 
sure ratio, caused by restrictions between turbine and compress 


in which 


) 
y= P, 

where P,’ is the higher compressor discharge pressure (with press 
sure drop), and P,» is the original compressor discharge pressur 


(without pressure drop). 
Thus from Equations [4] and [6] 
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Consider the total fuel burned, which may be given by th 
following equation, in which the specific heat and other propor 
tionality constants are omitted for brevity, and the W valued 
are expressed in degrees F: 


F = (T,— (To + We) — tal (7, — W.) — (To + W)].- -f 


in which nz is the regenerator effectiveness. From which 


AF =—AW,{1 —95).. 55 eee f 


However, by the definition of thermal efficiency 
ened 

a 1), 

Thus the fractional change in fuel burned may be written 
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by Equation [6] 


Substituting Equations [11] and [7] in Equation [2], we de 
sain the final expression for the fractional change in fuel rate 
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Equation [12] involves no approximations but, by expandins! 
the quantity (y — 1), using the binominal theorem, a useful Ea 
proximate expression may be obtained for the fractional changs| 
in fuel rate per per cent pressure rise due to restriction. This ;! 
found to be 
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, in the nomenclature of the previously published material 
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| Since normally we think in terms of pressure drop (referred to 
the higher pressure) instead of pressure rise (referred to the lower 
pressure) Equation [14] is converted to this basis by remembering 
that 


AP, 
AP. P,! A 
a eS ee ee [15] 
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where P,’ is the higher and P2 the lower pressure, and A signifies 
the fractional pressure drop, referred to the higher pressure. 
Using this relationship in Equation [14], and approximating the 
denominator series by unity 
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/*or small pressure drops the numerator of the bracketed expres- 
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Finally, by considering the denominator of Equation [17] as 
nity, we arrive at the original expression used by the writer 
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Thus successively more accurate approximations are obtained 
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by using Equations [18], [17], [16], and [12], the last being exact. 
Using Equation [18] to check the authors example, we may ob- 
tain a first approximation of the loss. Calculation reveals that 
x = 1.532 and (R — 1) = 1.544, for a turbine pressure ratio of 
4.45/1. 

From Fig. 1 of this discussion, or by calculation, K; = 1.270 
and K, = 0.8776. For 8 per cent pressure drop; 


A 
2 = 0.08 X 1.270 X 0.8776 


= 8.92 per cent 


which differs by a considerable amount from the true value be- 
cause of the rather large magnitude of the pressure drop. 
This discrepancy is greatly reduced with little extra effort by 
using Equation [17] 
4f 1.270 X 0.8776 


= 0.0 
f 5 1 — (2.270)0.08 


10.90 per cent 


llr 


A still further improvement results from using Equation [16] 


0.08 
1 =0-857-—— 
Af 37 O92 


— = 0.08 | ———_—————— } 1.270 0.8776 
if 1 — 2.270 X 0.08 : 
= 10.63 per cent 


And, finally using the exact method, Equation [12] 


1.532 
af (=) (0.0241)(1.544)[1 — 0.306(1 — 0.60)] 
fe 1.532 
lean ea (0.0241) (1.544) 


= 10.54 per cent 


which agrees with the authors’ value of 10.50 per cent. 
The writer believes Equation [17] to be the most practicable, 
and sufficiently accurate for most purposes. 


AutTHoRs’ CLOSURE 


The authors’ reply to Mr. Salisbury’s discussion is already 
provided by the discusser himself. The authors were primarily 
interested in establishing the optimum design conditions, while 
the discusser was interested in showing the effect of pressure 
loss under fixed operating conditions. Inasmuch as both meth- 
ods are correct, the results obtained are, of course, identical. 


